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Abstract

The topological insulator (TI) is a new type of material discovered early in the 21st
century, which has had profound impacts in the fields of condensed matter physics and
material science, with a variety of technological applications expected to emerge in the
coming years. The TI is a bulk insulator with robust conducting boundary states, which are
protected by the bulk symmetry. The potential applications, for example, include lowdissipation electronics, quantum computing and quantum information. Three-dimensional
topological insulators (3D TIs) are an important family in TIs, offering a huge degree of
freedom to manipulate the electronic properties via elemental substitution, dimensional
tailoring, and electrostatic gating. This thesis focuses on the magnetic, magnetotransport
and band structures of magnetic ion-doped 3D TIs.
Chapter 1 reviews the research progress of topological states in condensed matter
systems, from quantum Hall states to quantum spin Hall insulators (2D TIs) and 3D TIs, as
well as the topological semimetal families. Particular attention is directed towards the
effects of magnetic doping in 3D TIs, and the quantized Hall state induced by
ferromagnetism: the quantum anomalous Hall effect (QAHE).
Chapter 2 discusses the main methods employed in this thesis. First, I employ the
modified Bridgeman method to grow high-quality 3D TI single crystals with transition
metal or/and rare earth metal dopants. The magnetic and magnetotransport measurements
were conducted in a Physical Property Measurement System (PPMS, Quantum Design).
Another important part is the analyses of magnetotransport data, in which one can obtain
the Fermi surface information via the Shubnikov-de Haas (SdH) oscillations.
Chapter 3 reports the effect of Fe dopants in 3D TI Sb2Te3 to study the changing of
the fermiology. High-quality crystals of Sb2Te3 and iron-doped Sb2Te3 were synthesized to
enable magnetotransport measurements. SdH oscillations exist in both crystals, however
with different frequencies and amplitudes. With iron doping, the amplitude of the
1

oscillations is suppressed for increasing bulk-defect levels, meanwhile, multiple
frequencies contributed by multiple Fermi pockets were found. Hall effect measurements
and DFT calculations further supported the findings obtained. The iron doping failed to
introduce magnetic ordering in Sb2Te3. I, therefore, revisit the V doping in slightly Bidoped Sb2Te3, in which the ferromagnetism was achieved. The SdH oscillations were
absent in V doped samples, which was due to the high bulk defect level.
Chapter 4 further explores the V doping strategy in a bulk-insulating TI compound
Sn:Bi1.1Sb0.9Te2S (SBSTS). With V doping in the Bi site of this compound (Vx:Bi1.08-x
Sn0.02Sb0.9Te2S, VBSSTS), I found that the bulk band gap is tuned, and the most bulkinsulating behaviour is achieved in the x = 0.08 compound. Another notable point in this
research was the surface-state-dominated SdH oscillations were very robust with
temperature in all of the VBSSTS compounds. At 50 K, the SdH oscillations are still
traceable, which is the highest reported at 14 T magnetic field.
Chapter 5 investigates rare-earth doping effects in topological insulator Bi2Se3.
Comparing the Sm doped Bi2Se3 with intrinsic Bi2Se3, the SdH oscillations are slightly
changed in frequencies however the amplitudes are very similar. The bulk-dominated SdH
oscillations are suppressed by transition metal doping, due to the high bulk defect level. I
further doped iron into the Sm: Bi2Se3 crystal (SFBS), and found that the long-range
magnetic ordering exists in low temperatures. In the SFBS crystals, huge SdH oscillations
were observed, together with quantum Hall steps. The ferromagnetism can open a gap at
the Dirac point of the surface states in a topological insulator and this was also verified in
our SFBS crystals. Moreover, I employed time-of-flight neutron spectroscopy to study the
crystal field excitations in rare-earth-doped TIs. Due to the high neutron absorption of Sm,
I, therefore, conducted the experiments in Tb: Sb2Te3 polycrystal. The q-independent
excitation modes were observed at 1.5 K, which are contributed by the crystal field effect
of the in-lattice Tb ions.
Finally, Chapter 6, offers the conclusion of this thesis together with perspectives for
future work.
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Chapter 1 Introduction
This chapter discusses the concepts of topology in electronic structure. I trace the
experimental progress in the topological states since quantum Hall insulating states, to the
topological semimetals. In the first section, it gives an overview of the first known
topological state – the Integer Quantum Hall Effect which occurs in a 2D electron gas.
Which was discovered in the 1980’s. In the second section, it reviews how these concepts
were extended in the 2000’s to apply three dimensional systems, culminating in the
discovery of the 3D topological insulator. Section 1.3 briefly compares the topological
insulator with other newly discovered states of topological matter, including the
topological crystalline insulator, and the topological semimetals including Weyl metals.
Finally, the effect of magnetic doping is discussed, which opens a gap in the topological
surface states and therefore exhibits the novel quantum anomalous Hall effect.

1.1 Quantum Hall Effect & Quantum Spin Hall Effect

The Hall effect in a conductor means that, with an applied perpendicular magnetic
field (to the electronic current), an additional voltage difference can be observed in the
transverse direction, due to the Lorentz force of charge carriers. The quantum Hall effect
(QHE) is the quantum mechanical version of Hall effect, which can be observed in twodimensional electron systems at low temperatures and strong magnetic field. In 1980, K.
von Klitzing experimentally found that, in a silicon-based metal-oxide-semiconductor
field-effect transistor (MOSFET), the Hall conductance was exactly quantized at e2/h,
where h is Plank’s constant and e is the electron mass. The precisely quantized Hall
resistance has been used as practical standard electrical resistance since 1990, RK = h/e2
= 25812.80745… .
In a MOSFET, the conducting electrons are nearly free-moving in a two-dimensional
plane, however tightly confined in the third dimension, which is known as a two14

dimensional electron gas (2DEG) system. With a perpendicular applied magnetic field,
the electrons follow circular cyclotron orbits, which are quantized in a quantum
mechanical situation. The allowed states of 2DEGs form Landau levels (LL), with
energies given by:
1
𝐸𝑛 = ħ𝑐 (𝑛 + )
2

(1.1)

where ħ is reduced Plank constant, c is the frequency of cyclotron and n is the LL index.
If the nth LL and its below levels are fully occupied, and the above levels are fully empty,
the Fermi level locates in a gap, which is similar to the gaps of insulators, locating
between the valence bands and conduction bands. However, the difference between
gapped 2DEGs and band insulators is, the circular orbits will be drifted by the applied
electric field along the perpendicular direction, therefore results the Hall conductivity

𝑥𝑦 = 𝑁𝑒 2 /ℎ, N is an integer, e is the charge of an electron and h is the Plank’s constant.
In GaAs/AlGaAs heterostructure[1], the integer QHE can be observed as shown in Fig.
1.1, which shows the clear Hall resistance plateaus and near-zero longitudinal resistance.
Further measurements in this work[1] also revealed that, the precision and reproducibility
of the QHE measurements is 0.047 ppm, which is much smaller than the ohm SI units
which were previously set in 1974 using a calculable capacitor experiment[2].
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Fig. 1.1 The recording of Hall voltage VH and longitudinal voltage Vx versus magnetic field for a
GaAs device at 1.2 K. The current is 25.5 A.[1]

The integer QHE states can be explained by edge conduction channels in 2DEG.
Once the 2DEG is restricted in one dimension and worked as an electron wave conductor,
the Landau levels will change at the edges[3] as shown in Fig. 1.2. In the center of the
electron wave conductor, the LL energy is independent of position, while near the edges,
it is raised in response to the edge potential energy. Giving a certain Fermi energy EF, the
boundary of the occupied LLs must pass through the EF, which leaves the edge conduction
channels (or edge states). Employing the Landauer’s multiple conduction channel
equation (breaking the spin degeneracy for the application of strong magnetic field):

𝐼𝑖 =

𝑒
[(𝑁𝑖 − 𝑅𝑖𝑖 )𝑖 − ∑ 𝑇𝑖𝑗 𝑖𝑗 ]
ℎ

(1.2)

𝑗𝑖

where,  is the chemical potential of electrons, the Ni is the number of edge conduction
channels related to the ith electrode, Rii is the probability of the current from the ith
16

electrode being reflected back to the ith electrode, and Tij is the probability of the current
from the jth electrode transporting to the ith electrode. By considering the transparency of
each channel is 1, one may easily obtain that the longitudinal resistance Rxx = 0, and the
Hall resistance Rxy = (h/e2)/N, in accordance with the results in Fig. 1.1. The results
demonstrate that in integer QHE, each conduction channel carries the same charge.

Fig. 1.2 The energy level of nonrandom system as a function of the radius of one-dimensional
harmonic oscillator’s eigenstate rm, in units of the harmonic energy ħc. The rm is determined by
the azimuthal quantum number m, and it is the radium at which the azimuthal current density
vanishes for quantum number m.[3]

In QHE states, the bulk states are insulating, and the edge modes are free-way-like
one-dimensional (1D) conduction channels, which is, geographically separating the
carriers with opposite momentum. In conventional 1D transport, the resistance originates
from the backscattering mechanism, which mixes together the forward- and backwardmoving charges. In QHE states, however, the forward-moving charges and backwardmoving charges are located at the different edges of the system, therefore survive from
the backscattering mechanism. A 2D band structure consists of a mapping from the crystal
momentum to the Bloch Hamiltonian. Gapped band structures can be classified
topologically by considering the equivalence classes of Bloch Hamiltonian that can be
17

continuously deformed into one another without closing the energy gap. These classes are
distinguished by a topological invariant n, nZ, called the Chern invariant. In quantum
mechanics, a geometric phase is a phase difference acquired over a closed path, which
could be nontrivial and discovered by Sir Michael Berry,[4] namely, Berry phase. The
Chern invariant can be physically understood in terms of the Berry phase associated with
the Bloch wave functions |um(k)>. Provided there are no accidental degeneracies when k
is transported around a closed loop, the wave function acquires a well define Berry phase
given by the line integral of Am = i<um|k|um>. This may be expressed as a surface integral
of the Berry flux Fm = kAm. The Chern number is the total Berry flux in the Brillouin
zone.

Fig. 1.3 The interface between a quantum Hall state and an insulator has chiral edge mode. (a)
The skipping cyclotron orbits. (b) The electronic structure of a semi-infinite strip described by the
Haldane model. A single edge state connects the valence band to the conduction band.

A fundamental consequence of the topological classification of gapped band
structure is the existence of gapless conducting states at the interface where the
topological invariant changes. This boundary conducting states can be simply found in
the interface between the integer quantum Hall state and vacuum, which may be
understood in terms of the skipping motion electrons execute as their cyclotron orbits
bounce off the edge, as shown in Fig. 1.3. The edge states responsible for this motion are
18

chiral in the sense that they propagate in one direction only along the edge. These states
are insensitive to disorder because there are no states available for backscattering, which
is a fact that underlies the perfectly quantized electronic transport in the quantum Hall
effect.
Another interesting quantized Hall state is the quantized version of spin Hall effect,
namely quantum spin Hall effect (QSHE). The QSHE can be understand as the
combination of spin-up QHE and spin-down QHE, with their own chirality. Therefore,
with the charging cancelling, the total Hall conductance is zero for the QSE, however it
still presents a nonzero spin Hall conductance. At first, C. L. Kane and E. J. Mele [5]
proposed that, with spin-orbital interaction/coupling (SOC), there’s a new SOC term in
the system Hamiltonian related to Haldane’s model. The SOC Hamiltonian can be taken
separately for the Sz = 1 spins, which are equivalent to Haldane’s model for spinless
electrons, and also, violate time reversal symmetry. This model suggests that, the SOC
introduces a periodic magnetic field with no net flux in the system, and giving rise to a
finite energy gap. At temperatures well below the gap, the double spin Haldane’s model
finally leads to a quantized Hall conductance to each spin 𝑥𝑦 = 𝑒 2 /ℎ .[5] In this
situation, the edge modes are helical spin modes, which is, the spin-up electron and spindown electron are with opposite momentum.

Fig. 1.4[6] (a) On a lens with antireflection coating, the light reflected by the top and bottom of
19

the coating layer interfere destructively, which leads to more transparency. (b) A QSHE edge state
can be scattered by a non-magnetic impurity: 1) going clockwise along the blue curve, the spin is
rotated by , or 2) anticlockwise along the red curve: -. Therefore, the two different scatterings
are with 2 phase difference, which leads to destructive interference, and suppression of back
scatterings.

Provided that the time reversal symmetry of the system (TMS) is preserved, this acts
to protect the edge modes from nonmagnetic impurity and disorder. As shown in Fig. 1.4
(b&c), the scattered electrons are with 2 phase difference for the presence of TMS. In
quantum mechanics, when the spin 1/2 particles by 2, the wave function is changed sign.
Therefore, the two backscattering events cancel each other perfectly, similar to the
antireflection coated lens.[6] However, in the presence of magnetic impurity, the TMS is
broken, as well as the backscattering-immune transport.

1.2 From 2-Dimensional to 3-Dimensional Topological Insulator States

Although the QSHE can be achieved in graphene, the weak SOC in graphene limits
its temperature to ultracold regions, which is difficult to realize experimentally. Since the
strong SOC is needed in the scheme of QSHE, one may consider to realize the quantized
spin Hall effect in heavy-element compounds. B. A. Bernevig, T. L. Hughes and S.-C.
Zhang[7] proposed that, in a HgTe/CdTe quantum well, the strong SOC can induce the
band inversion, and thus the system can exhibit the QSHE. HgTe and CdTe are two
semiconductors with different band gaps and different band structures: 1) CdTe has a
normal band progression, with s-type 6 band lying above the p-type 8 band; 2) HgTe
however possesses an inverted band progression whereby s-type 6 band lying below the
p-type 8 band.[5] Note that, in both materials, the band gap is the smallest at the  point.
In a quantum well, in which the CdTe is the barrier material, and HgTe is the well material,
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the cubic or spherical symmetry is broken down to the in-plane axial rotation symmetry.[7]
According to theoretical predictions, the quantum well can be described in three regime
based on the thickness d of HgTe layer: 1) for d < dc ~ 64 Å, the quantum well is in the
normal regime where the CdTe dominants and the band structure at the  point is in
progression; 2) for d > dc, HgTe layer dominant the band structure and thus in the inverted
regime; 3) for d ~ dc, the in-well bands must cross each other.[7]
The experimental realization was achieved one year later by M. König et al.[8], in a
molecular beam epitaxy (MBE) grown HgTe/Hg0.3Cd0.7Te quantum well. For this certain
quantum well, the aforementioned d dependent quantum phase transition was verified,
and the critical thickness was obtained at dc = 631 Å. As shown in Fig. 1.5D, the narrow
quantum well with d < dc shows insulating behavior (black line) with resistance of tens
of megohm when Fermi level is in the gap. For all devices with inverted quantum well d >
dc, the resistance is finite, as shown by the red, blue and green curves. With the scale of
device less than the mean free path of carriers’, the conductance of the device showed
twice of the quantum conductance[8], as the theory predicted[7].
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Fig. 1.5 (a) The predicted experimental set up to achieve QSHE shown in Panel (b).[7] (c) The
sketch of QSHE in CdTe/HgTe quantum well.[8] (d) Experimental realization of QSHE.[8]

Moreover, for quantum well devices with different width (less than 1 m), the obtained
quantum conductances were the same, which demonstrated that the edges dominated the
transport behavior. In quantum spin Hall states, the bulk states are insulating whereas the
edge states are conducting. Since the difference between conventional insulating states
and insulating states in quantum spin Hall states is the topological invariant which
characterizes the trivial or nontrivial states [9-11], researchers named materials like
HgTe/CdTe quantum well as two-dimensional topological insulator (2D TI).
Following the pioneering work in HgTe/CdTe systems, soon many more predictions
of quantum spin Hall states were presented. These includes materials like silicene,
germanene,[12] and two dimensional dichalcogenides[13] which were proposed as
potential 2D TIs.

Fig. 1.6 (a) Band structure of materials: metals, semimetals, zero-gap materials, narrow gap
semiconductors, semiconductors and insulators. (b) The sketch of band structures of insulators in
the concept of topology: (left to right) conventional insulators, topological insulators with edge
modes, and exitonic insulators.
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Song et al.[14] found that in the monolayer 1T’-WTe2, the bulk band structure is still
semimetal type, and there’s no SOC-induced gap existing. Instead, the electron-electron
interactions open a Coulomb gap, which is always pinned at the Fermi energy, therefore
resulting the exitonic insulating states. The exitonic insulating states here is consisted by
suppressed bulk states, as well as the topological edges modes.[14] Further, the quantized
edge conductance at 100 K high temperature was reported[15], and imaged by microwave
impedance microscopy[16].
The quantum spin Hall effect is very important in quantum computing and
information; however, it is also important to note that the 2D TIs are only in buried
interfaces of ultraclean semiconductors, or atomic thin layered materials. This limits the
systematic studies in 2D TIs of their important properties: e.g., electronic structure, spin
texture and optical behaviors. Moreover, the manipulation of 1D conducting edges is also
difficult to realize, whereas it is much more tractable to modulate the conductivity of a
2D edge in 3D material. In 2007, researchers realized that the Z2 topological number in
2D TI can be generalized into 3D materials.[17-19] A simple model is, one may construct
nontrivial 3D topological insulators by stacking 2D TI layers, the edge states may
therefore become anisotropic surface states.
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Fig 1.7 Absence of backscattering. (a) Spatially resolved conductance maps of the 111 surface
obtained at 0 mV over a 1000 Å by 1000 Å range. (b) Spin-ARPES map of the surface state
measured at the Fermi level. The spin textures from spin- ARPES measurements are shown with
arrows. (c) Fourier transform scanning tunneling spectroscopy FT-STS at EF. (d) The joint
density of states JDOS at EF. (e) The spin dependent scattering probability SSP at EF. f Closeup
of the JDOS, FT-STS, and SSP at EF, along the -M direction.

The first 3D topological insulator to be identified experimentally was the
semiconducting alloy Bi1-xSbx, whose surface states is studied via ARPES in 2008, as
shown in Fig. 1.7.[20] The band structure varies with the amount of Sb (x) : 1) Near the
concentration x = 0.04, the gap between valence band and conducting band closes and a
truly massless 3D Dirac point is realized. 2) As the x increasing, the gap reopens with an
inverted ordering. 3) For x > 0.07, the top of the valence band moves below the bottom
of the conducting band, and the material becomes an insulator, with topological protected
surface state.[20-22]
In 2009, a second generation of 3D topological insulator materials Bi2Se3 was
theoretically predicted[23] (as shown in Fig. 1.8), whose single surface Dirac cone is also
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verified via ARPES.[24] Although the bismuth chalcogenides have been studied as 3D
topological insulators for only several years, those materials are not entirely new to
researchers, due to their thermoelectric properties. Moreover, the low carrier metals
happen to make model systems for the study of simple quantum oscillatory phenomena,
e.g., the Shubnikov de-Haas oscillations in magnetoresistance.[25-27] Typical synthesis
of tetradymite bismuth chalcogenides start with melt-growth process, in which large
single crystal pieces can be cleaved. The binary compounds Bi2Se3 and Bi2Te3 are both
congruently melting and readily form by simply melting powders of elements. Via
modified Bridgeman method or zone-melting method, the single crystal can easily be
grown to centimeter sizes. Bi2Se3 has a tetradymite crystal structure, which belongs to the
𝑅3̅𝑚 space group, with quintuple (Se-Bi-Se-Bi-Se) layers piled up along the c-axis. The
quintuple layers are charge neutral and bound to each other via weak Van de Waals forces,
which effectively makes the quintuple layer the minimum functional tetradymite unit.
The crystallographic properties between Bi2Se3, Bi2Te3 and Bi2Se3 are so similar to each
other, making the element doping an effective method to study the band topology as a
function of element doping.[28-35]
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Fig. 1.8 The calculated band structure of 3D topological insulator Bi2Se3 family.

A Bi2-xSbxTe3-ySey (BSTS) system has been studied via ARPES and
magnetoresistance measurements. Via ARPES[34], the Dirac cone of surface states can
be detected, as well as the bulk bands. In Ref [34], the sample studied are with fixed y
value, and the Dirac cone changes with x value, i.e., in x = 0, it buries in bulk valence
band, which means that the transport of surface states can be strongly affected by the
bulk-surface interband scattering; in x = 1.0, the Dirac point is well isolated from the bulk,
indicating a more ideal situation for application.
Since the surface states of a TI are very important, it is a great challenge to develop
a system in which surface-dominated transport survives at high temperature. In fact, most
of the known TI materials are not bulk-insulating, which hinders study of the transport
properties of the surface states. Therefore, bulk-insulating TIs with high resistivity are
still required to extend the topological states to the high temperature region. A good
example of a wide-gap TI system is Bi2-xSbxTe3-ySey (BSTS),[28, 32, 34] which shows
surface states that dominate the transport behavior at and below 30 K. Another important
bulk-insulating TI compounds are Tl1-xBi1+xSe2 system,[36] which shows robust surface
oscillations at 50 K. However, the Tl’s toxicity limits their application in electronic
devices. Since in bulk-insulating TIs, the Fermi surface is formed by pure Dirac dispersed
surface states, the characteristic Shubnikov-de Haas (SdH) oscillations are strong
evidence that can be used to evaluate the contribution of surface states. Tracing the SdH
oscillations is an effective method to study the surface states in bulk-insulating 3D TIs.
For example, the angular dependence of the SdH oscillations is key evidence that can be
used to isolate surface-features. The oscillation magnitudes also provides insight into
other properties of the electronic structure such as the effective mass and quantum
mobility. In realistic systems, the effective mass of a Dirac carrier is always nonzero
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instead of the ideal zero mass, and this causes temperature-induced damping of the
amplitudes of SdH oscillations. One strategy that improves on BSTS, for which the
surface band is not ideally linear, is to utilize a different TI: Sn-doped Bi2-xSbxTe2S, which
has a wide bulk band gap.[37] In the latter compound, 2% tin is introduced to stabilize
the crystal structure, and the corresponding material shows surface states with a linear
dispersion over a large energy range, which is ideally for surface-dominant transport
studies.

1.3 A Glimpse of Other Topological States in Condensed Matter

Beyond the research in 3D topological insulators, more and more topological states
are predicted and verified. In recent years, the family of topological electronic structures
has been expanded to include members beyond the 2D and 3D TIs which were first
discovered. In 2011, L. Fu et al.[38] proposed that, a new topological edge states can be
protected by the symmetry of crystallography space group, namely, topological
crystalline insulator. A year later, L. Fu and his collaborators predicted that in SnTe, the
mirror symmetry can protect the topological edge states[39], which has been
experimentally verified soon[40, 41]. In 2016, Bernevig et al.[42] predicted that in
KHgSb, the glide plane symmetry can protect the hourglass type surface state on the (100)
surface. The experimental verification of this particular surface states has been conducted
by T. Qian et al. via ARPES.[43] Besides, Bernevig et al.[44] also predicted that two
perpendicular glide plane can also protect Dirac surface states, in which their Dirac cones
are coincide at one point, however hasn’t been verified yet.
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Fig. 1.9 Topological crystalline insulators.[45] (a) The high symmetry points indication of a rocksalt crystal’s Brillouin zone (SnTe). (b) Locations of the Dirac cones in the (001) and (111)
surfaces. (c) The tight-binding calculations for the double Dirac cones surface states on the (001)
plane.

In the last decade, researchers also extend the concept of topology from TIs to
topological semimetals. The topological semimetals possess two- or four-fold degenerate
points in bulk states. Since the low energy excitation Hamiltonian near the degenerate
points share the same form with the 44 Dirac function or the 22 Weyl function in
quantum field theory, the related materials are named Dirac and Weyl semimetals. In
2011, X. Wan, Z. Fang and X. Dai et al. predicted the Weyl semimetal Y2Ir2O7[46] and
HgCr2Se4[47] with broken TMS theoretically, however this hasn’t been verified
experimentally. Soon afterwards, Dirac semimetals Na3Bi[48] and Cd3As2[49], in which
the Dirac cone states can be found in bulk bands, were predicted and experimentally
observed via ARPES[50, 51]. In 2015, TaAs, a system with broken inversion symmetry,
was predicted to be a Weyl semimetal.[52] The three dimensional Weyl cone structure in
the bulk states, as well as the open Fermi arcs of surface states were observed via
ARPES.[53-55] Also in 2015, the type Ⅱ Weyl semimetals WTe2 was predicted[56, 57],
and experimentally verified[57], in which the two bands along a certain direction are with
the same sign of slope.
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Fig. 1.10[58] Band structure, and the related Fermi surface of metals: normal metal, Dirac
semimetal, Weyl semimetal and topological nodal-line semimetal.

In the real universe, there are three different fermions exist due to Lorentz invariance,
namely, Dirac, Weyl and Majorana fermions. However, in the crystals, the symmetries
are with 230 different space groups instead of Poincare group, where the Lorentz
invariance is no longer restrict the type of fermions. Therefore, exploring more fermion
quasi particles, as shown in Fig. 1.10, has become popular in condensed matter physics.
In 2016, Kane et al.[59], and Bernevig et al[60] predicted that the symmetry of complex
space groups can protect triple-, six-fold- and eight-fold- degenerate points. Near these
degenerate points, the low energy excitation cannot be described by the standard models
of quantum field theory. Soon later, triple degenerate fermions protected by simple space
group symmetry were predicted in tungsten carbide-structure compounds.[61] The
experimental verifications are reported by T. Qian et al., by ARPES, in which they found
the triple degenerate points in the bulk states, as well as the surface Fermi arcs[62, 63].
Moreover, the degenerate regions in the energy bands are not only on finite points (nodal
points), but also on one dimensional lines (nodal lines) or two dimensional surfaces (nodal
surfaces), namely nodal-line/surface semimetals. The prediction on topological nodalline/surface semimetals has been reported for many systems[64-68], however the
experimental progress has been quite limited and so far only a few compounds have been
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verified experimentally including the ZrSiS family[69-71], PbTaSe2[72]. The prediction
and experimental progress on topological matter are the fundamental of the quantum
mechanics study in solid states, which is also the precondition of their applications in
spintronics.

1.4 Magnetic Topological Insulators and the Quantum Anomalous Hall
Effect

In 1880, E. Hall found that in a ferromagnetic metal, the Hall effect can be observed
without magnetic fields, which is known as anomalous Hall effect.[75] The related
quantized version of anomalous Hall effect is called the quantum anomalous Hall effect
(QAHE). Although the QAHE looks like the simple QHE in a ferromagnetic material, the
mechanism is quite different, due to fact that the electron orbits and Landau levels both
appear in absence of an external magnetic fields. Since the Hall conductance is odd with
time reversal symmetry operation, T(xy) = -T(-xy), one must break the time reversal
symmetry to obtain the nonzero Hall conductance. In 1988, F. D. M. Haldane[73]
proposed that in a spinless hexagonal lattice, quantum Hall effect state can be achieved
via applied periodic magnetic flux. In this model, the periodic flux drives the electron to
form the conducting edge states, where the total magnetic flux is zero.[73] Due to the zero
field condition, the quantized Hall conductance is contributed by the electronic band
structure, instead of the separated Landau levels induced by strong magnetic fields.
Haldane model demonstrate the possibility of QAHE theoretically, however in practice
experimental realization in his model system was not achieved. However, much later, the
basic concept inspired the discovery of QSHE (discussed previous section) through some
detour and many years later that QAHE was achieved in topological systems as described
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below.

Fig. 1.11[37] Evolutions of the subband structure of Bi2Se3 at the  point, considering the
exchange field and spin orbital coupling. A and B are for the initial bands not inverted and already
inverted states.

The new QAHE state was proposed in magnetic doped topological insulator Bi 2Se3
films.[37] With consideration of the exchange field by ferromagnetism, as well as the
SOC, the level crossing between the bottom of conduction bands and the top of valence
bands can be opened to form a gap by SOC. This represents a quantum phase transition
to the quantum anomalous states, as shown in Fig. 1.11. In an insulator, where the Fermi
level is located inside the band gap, the Hall conductance is determined by the occupied
bands’ first Chern number and must be an integer multiple of e2/h.[37]
Experimentally, a number of ARPES experiments have been performed in magnetic
TIs, and observed the gap opening at the Dirac points by breaking the TMS.[74-76]
Moreover, the spin texture near the edge of the magnetic gap is also restructured to
hedgehog-like, which is observed via spin-resolved ARPES in magnetic TI thin film.[76]
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Fig. 1.12 Hedgehog spin texture and Berry’s phase tuning in magnetic doped TI.[76] (a)
Magnetization measurements via magnetic circular dichroism. (b) left: Spin-resolved ARPES
measurements. Right: (c) The surface state dispersion measurements with in-situ NO2 adsorption.
(d) The spin texture feature of Fermi level in the surface gap.

Fig. 1.12 demonstrates the spin resolved ARPES measurements in Mn-doped Bi2Se3
thin film, which reveals the exotic time-reversal breaking spin texture near the edge of
the surface band gap. In Panel (a), the X-ray circular dichroism measurements illustrated
the ferromagnetic states of the thin film. Panel (b) shows the out-of-plane spin
polarization of the thin film sample, in which the opposite signs of polarizations for the
upper and lower Dirac bands demonstrates the broken time reversal symmetry in the thin
film. In the thin film, the spin configuration pattern can be understood as the competition
between in-plane helical spin component and out-of-plane TMS breaking component,
which enables a tunable Berry phase on the magnetized topological surface, demonstrated
in the Panel (c & d).[76]
The transport evidence of quantum anomalous Hall states and the QAHE was
experimentally realized in magnetic doped (Bi,Sb)2Te3 thin films.[77, 78] The Hall
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resistance reaches the predicted quantized value of h/e2, accompanied by a considerable
drop in the longitudinal resistance[79], which would significantly reduce the power
consumption in electronic devices. However, the onset temperature remains low, and it is
widely believed that in-gap features are introduced by the transition metal dopant that are
detrimental to performance. Therefore, magnetic doped TIs, e.g., V-, Cr- and Mn Sb2Te3,
Fe- and Mn-doped single crystals of Bi2Te3 and Cr-, Mn-doped of Bi2Se3, are being
increasingly studied to determine the optimal set of dopants, magnetic order and transport
properties in thin films and single crystals.[27, 79, 80]

Fig 1.13 The quantized anomolous Hall effect observed in Cr:(Bi,Sb)2Te3 thin films. (a) The Hall
resistance as function of magnetic fields at different gating voltages. (b) The related longitudinal
resistivity to quantized anomolous Hall states.82

As shown in Fig. 1.13, the hysteresis loop in Hall and logitudinal resistivity are
obseved. Particularly, the Hall resistivity is almost h/e2 at a zero magnetic field and 30
mK, meanwhile the longitudinal resistivity drops to near 0. This effect is highly sensitive
to the sample quality, especilly in the precisely quantization region. More recently, the
QAHE is also observed in V-doped (Bi,Sb)2Te3 system at 25 mK. The advantage of this
material is the coercive field is larger, and the magnetic ordering Curie temperature is
relatively higher.
With the quantized anomolous Hall effect, a new generation of low-energy devices
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can be designed, which may work at zero fields. To achieve this important quantum state,
a wide-band topological insulator with Dirac point sitting near the Fermi energy is needed.
The following step is to ferromagnetically dope the topological insulator, or sandwich the
TI into ferromagnetic layers. More importantly, to raise the critical temperature of QAHE,
the high temperature survival of the topological surface states, as well as the
ferromagnetic ordering are needed. The remainder of this thesis is directed towards
optimizing the TI single crystals with elemental doping and modified crystallizing
procedure, to achieve either or both conditions.
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Chapter 2 Methods
This chapter discusses the most employed methods in this thesis. Section 2.1 discusses
the single crystal growth method in 3D topological insulator family. Section 2.2
discusses the main structural characterization method - XRD. The transport
measurements and the important quantum oscillations are discussed in the following
sections. At last, the magnetic measurements based on VSM is briefed.

2.1 Single Crystal Growth
Single crystal growth is an important topic of condensed matter physics, which
allows research to study the intrinsic physical properties, as well as the anisotropy of
compounds. For electronics applications, the semiconductor industry is fully built on
silicon, GaAs, InP and other advanced narrow-gap insulator single crystals. The most
developed industrial single crystal growth methods, like the Czochralski method, the
zone-melting method, the flame fusion method and the hydrothermal method are also
widely used in condensed matter physics. Moreover, some crystal growth techniques, like
the chemical vapor transport (CVT) method, metal- or salt-flux method, which are widely
used in new material systems, have been developed to grow topological materials like
TaAs, NbP, ZrTe5, ZrSiS etc.. Since the ordered single crystal is always stable in a system,
with enough cooling time, the molten materials always favor single crystal state.
Following on this idea, one can design, or optimize the single crystal procedure based on
the phase diagram.
Bismuth or antimony chalcogenides, which are the most developed 3D TIs over the
last several years, share the same structure with mineral tetradymite Bi2Te2S which has
been known for more than 200 years.[1] The thermoelectric properties of Bi2Te3 had been
studied systematically in 1910, which is still important in research, and widely used in
thermoelectric applications. In 1950s, it was revealed that the stochiometric bismuth
telluride is an extrinsic semiconductor, and found that the type of charge carriers is
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dependent on the concentration of Te. However, in Bi2Se3, the carrier is always n-type,
although the excess Se can tune the carriers’ concentration in a large region, which is
shown in Fig. 2.1.

Fig. 2.1 Phase diagram of Bi2Se3 and Bi2Te3. left: carriers’ density and thermal dynamics of Bi2Se3
with excess Se concentration, in which one can deduce that there should be a proper excess Se
value to achieve the charge neutral state. middle: the phase diagram shown that how to obtain
charge neutral Bi2Te3 crystals. The crystal strcutreu sketch of Bi2Se3 or Bi2Te3 is shown in the
right Panel.

The tetradymite crystal structure is rhombohedral with large unit cell: ~30 Å tall and ~4
Å in the basal plane, and there are three formula units per unit cell, each of which
possesses a quintuple layer (QL). The QLs are bonded by weak Van de Waals forces,
which can be mechanically exfoliated to quasi-2D sheets. Since the unit cell is constructed
of 3 QLs, the electronic structure is depended on the stacked 3 QLs, as shown in Fig. 2.1.
The crystal growth of tetradymite TIs is relatively easy, for the synthesis process can be
done in simple heating up the mixed raw powders to melt. However, the straightforward
method is not enough to guarantee good chemical homogeneity, especially when the
mixed powder is off stoichiometric. To
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Fig. 2.2 A typical temperature sequence of TI single crystal growth.

make sure the mixture thermally homogeneous enough, one may heat up the raw materials
to a relatively higher temperature, e.g., in the Fe doped Sb2Te3 experiment discussed in
Chapter 3, the holding temperature is chose at 750 C; and in Sm doped Bi2Se3 experiment
discussed in Chapter 5, the holding temperature is set at 750 C. The heating time gradient
is also very important in crystallizing process, which I typically use ~ 2 C per hour. Some
of the grown single crystal photos are shown in Fig. 2.3, as well as the atomic force
microscopy (AFM) of the exfoliated Fe:Sb2Te3 flakes.

Fig. 2.3 As grown topological insulator single crystals. left: V0.08Sn0.02BiSb0.9Te2S; Sn,Bi-, Fe-,
Bi-, V,Bi-doped Sb2Te3 single crystals. right: the AFM images of exfoliated single crystal
sheets.

2.2 X-ray Diffraction
43

The X-ray diffraction is the most developed crystal structure anylyse method. Since
crystals are arrays of atoms, and the space between atoms are in 0.1 nm magnitude. Xray with wavelength ~ 1 Å can be effectively scattered by the crystal lattice. Via collecting
the constructive interference, one can obtain the XRD patterns, which follows the Bragg’s
Law: 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆, (d is the spaceing between diffraction planes, θ is the incident angle,
n is an integer, and λ is the wavelength of X-ray). The crystal structure can therefore be
obtained by solveing the XRD patterns

2.3 Transport Measurements
The Quantum Design Physical Property Measurement System (PPMS) system is
designed to integrate fully automatic magnetic, electrical, thermal, even ferroelectric and
dielectric properties measurement methods on a low temperature and strong magnetic
field platform. Such a design makes full use of the low temperature and strong magnetic
field environment of the selected measurements. A PPMS system consists of the basic
system and various options for measuring and extending functions: the basic system
provides a low-temperature and high-magnetic environment, as well as the hardware and
software control center of the whole system. In this platform, one can choose various
measurement options and expansion options. For most conventional experiment, e.g., the
temperature or magnetic field dependent resistivity measurements, PPMS has designed
automatic measurement software, and hardware with standard measurement functions,
such as ac/dc resistivity and magnetoresistance, differential resistance, hall coefficient,
volt-ampere characteristics, critical current and ac magnetic susceptibility, hysteresis loop,
heat, specific heat, magnetic curve thermoelectric effect, Seebeck coefficient, thermal
conductivity and morphology characterization and so on.
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Fig 2.4 (From PPMS User Book) The transport mesurement sample holders in PPMS. (a)
Resistivity puck. (b) The two-channel mesurement configuration on Resistivity puck. (c) The
angle dependent mesurement insert puck, as well as the sample holders with different shape.

The resistivity, as well as rotation angle insert was employed to conduct the transport
measurement in this thesis. As shown in Fig. 2.4, the sample will be mounted on the puck
with in 4 or 6 contact configuration, and then set into the PPMS chamber for low
temperature and high magneic field measurements. The 6 contact method can be used on
both resistivity puck and angular dependent resistvitiy puck, to obtain the longitudinal
resistivity xx and Hall resistivity xy at same time. With magnetic field, one can observe
both the resistivity as function of the magnetic field, as well as the information of carriers,
e.g., density, mobility. In this thesis, one important feature obtained in the
magnetoresistance (MR) measurements is the quantum oscillations at high fields.

2.4 Quantum oscillations
As good thermoelectric materials, Bi2Te3 and Bi2Se3 are actually low-carrier metals,
which are model systems to study the quantum oscillation phenomenon. Since the
quantum oscillation analysis is the main method employed to study the topological
insulators in this thesis, the semiclassical theory of quantum oscillations will be
specifically discussed here, with examples of well-studied metal materials. Landau
predicted that the magnetization of metals show a periodic magnetic dependence in low
temperatures, which experimentally observed by Shubnikov and de Haas in
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magnetoresistance in bismuth single crystal[2] (namely, Shubnikov-de Haas oscillations,
SdH oscillations), as well as, by de Haas and van Alphen in magnetization of bismuth
single crystal[3] (namely de Haas-van Alphen oscillations, dHvA oscillations). Note that,
the both experimental processing are being reported independently, without awareness of
Landau’s prediction. Moreover, these periodic oscillation effect are not only shown in
magnetoresistance or magnetization, but also shown in other physical properties like,
specific heat, Seebeck effect etc..
The following discussion is based on D. Shoenberg’s[4] and A. B. Pippard’s[5]
books. In the semiclassical approximation, a free electron is governed by the Lorenz force
when it moves in a homogeneous magnetic field, showing helical motion along the
magnetic field direction. The circular motion is described by the Bohr-Sommerfeld
quantization rule:
1
∮ 𝒑 ∙ 𝑑𝒓 = 2𝜋ℏ (𝑛 + )
2

2−1

where, p is the momentum, r is the position variable, n is an integer. An electron in the
magnetic field possesses a momentum of p = mv – eA, where the A is magnetic vector
potential of the magnetic field B, A = 1/2(rB), v is the velocity, e and m is the charge
and mass of an electron. The Lorentz force is:
𝐹 = −𝑒(𝒗 × 𝑩) = 𝑚𝑣̇ = ℏ𝑘̇

2−2

where, ħ is the reduced Planck’s constant, k is the wave vector in momentum space. By
using the Stokes’ theorem, one can obtain 2-1 from the 2-2. Since the expressions are in
momentum space, the orbital area Ak in momentum space is related to the real space
orbital area:
1
2
2𝜋 (𝑛 + 2) 𝑒𝐵
𝑒𝐵
𝐴𝑘 ≡ 𝜋𝑘𝑛2 = ( ) ∙ 𝐴𝑟 =
ℏ
ℏ
2−3
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where, kn is the radium of momentum space orbitals, known as the Onsager relation. The
relation limits the allowed values of k in magnetic field, and can be understand by Landau
tubes, as shown in Fig. 2.3.

Fig. 2.3 The reshaped Fermi surface from the sphere to the Landau tubes.[6]

In the simplest case of free electron gas, the Landau tubes are coaxial cylinders around
the magnetic field, in which the cross-sectional area is described by equation 2-3. In a
real material within the independent electron approximation, the eigenstates of the system
in the applied magnetic fields will reshape the Fermi surface to concentric rings within
the Landau tubes, as shown by Fig. 2.3. The increasing magnetic field results in the
expansion of the Landau tubes: the radii of the orbital states grows with √𝐵, and the
energy of states grows with B. With increasing magnetic fields, the outmost Fermi tube
is expanded to cross the Fermi surface, and therefore leaves a high value of density of
states (DOS); with further increasing, the Landau tube height shrinks to zero and the DOS
drops sharply. Thus, the DOS shows maximum at Ak=AFS, where AFS is the area of the
largest orbit of the Fermi surface perpendicular to the field. At each time the Landau
crosses the Fermi surface, the DOS shows a maximum, following by the oscillated
physical properties. The oscillations are periodic with 1/B, and the period between two
peaks is:
1
2𝜋𝑒
Δ( ) =
𝐵
ℏ𝐴𝐹𝑠
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2−4

and, the frequency is:
𝑓≡

1
ℏ
=
𝐴𝐹𝑠
1
Δ (𝐵 ) 2𝜋𝑒

2−5

By obtaining the oscillation frequencies, one can study the extremal cross-sectional area
of the Fermi surface perpendicular to the magnetic fields.
As shown by D. Sheoenberg3, in a real metal, the grand thermodynamic potential of
̃ , which is a function of B:
electrons has an oscillatory component Ω
̃∝
Ω

5
𝐵2

∞

1

𝑓

5 cos (2𝜋𝑝 (𝐵
𝑝=1 𝑝 2

∑

1
𝜋
− )± )
2
4

2−6

Note that, this equation is for the ideal crystal at zero temperature, and does not count the
spins. The sum is due to the Fourier series’ decomposition, and p is for the harmonics.
The phase shift  /4 accounts for whether the extremal area of Fermi surface is a
minimum or a maximum. To account any imperfection of the abovementioned conditions,
extra phase shifts and damping will be applied to the relationship. The effect of finite
temperature can be introduced via Fermi-Dirac distribution:
𝑓(𝜀) =

1
𝜀−𝜇
𝑒 𝑘𝐵 𝑇

2−7
+1

where,  is the energy, T is the temperature,  is the chemical potential and kB is the
Boltzmann constant. The damping of quantum oscillations origin from the thermal
broadening of the Fermi surface following the Fermi-Dirac distribution at finite
temperature. The reduction factor RT is expressed:



𝑅𝑇 =

,
sinh()
2𝜋 2 𝑝𝑘𝐵 𝑇𝑚∗
𝑎𝑛𝑑  =
𝑒ℏ𝐵

2−8

where the theory has been extended to electron-electron interaction, and introduced the
effective mass m*. Crystalline defects and impurities contribute to the carriers’ scattering,
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with mean scattering time of , or the related average distance travelled between
scatterings l:
𝑙 = 𝑣𝐹 𝜏 =
where, the Fermi velocity vF =

ℏ𝑘𝐹
𝑚

ℏ𝑘𝐹 𝜏
𝑚

2−9

. Any finite scattering time will result in uncertainty in

the energy levels. R. Dingle characterized this broadening by employing a Lorentzian
distribution, and therefore obtained a damping factor:
−𝜋𝑝𝑚∗
𝑇𝐷
) = exp (−𝑋 )
𝑅𝐷 = exp (
𝑒𝐵𝜏
𝑇

2 − 10

where RD is the Dingle factor and TD = ħ/2kB is the Dingle temperature. The Dingle
temperature is used to estimate the mean free path:
𝑙𝑚𝑓𝑝 =

√2𝑒ℏ3 𝑓
2𝜋𝑚∗ 𝑘𝐵 𝑇𝐷

2 − 11

In a magnetic system, the spin degeneracy is broken due to Zeeman splitting by:
∆𝜀 =

𝑔ℏ𝑒𝐵
2𝑚𝑒

2 − 12

where the g is spin g factor  2. Electrons with different spins will be separated in
energy by ∆𝜀, and by a phase of:
∆𝜙 = 2𝜋

where the

𝑒ℏ𝐵
𝑚∗

∆𝜀
𝑒ℏ𝐵
𝑚∗

2 − 13

is equal to the energy between two Landau levels. Moreover, an

additional factor of reduction Rs:
1
1
𝑚
𝑅𝑠 = cos ( 𝑝∆𝜙) = cos ( 𝑝𝜋𝑔 ∗ )
2
2
𝑚

2 − 14

Combine the aforementioned factors, the full formula to describe the quantum
oscillations is obtained below:
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1
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1
𝑚
∞
exp (−𝑋 𝑇𝐷 ) cos (2 𝑝𝜋𝑔 𝑚∗ )
8𝜋𝑒 3 2 𝑘𝐵 𝑇𝑓 2
𝑓 1
𝜋
𝜒̃ = ( 3 )
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cos (2𝜋𝑝 ( − ) ± ) 2 − 15
1
1
5
ℏ
𝐵 2
4
|𝐴′′𝑘 |2 𝐵 2 𝑝=1
𝑝2 sinh(𝑋)

where is defined in equation 2-8 and 𝐴′′𝑘 is the curvature of extremal orbit of Fermi
surface perpendicular to the magnetic field. Employing the damping factors in the
equation 2-15, one may obtain:
𝑓
𝜒 ∝ −√𝜋𝑅𝑇 𝑅𝐷 𝑅𝑠 sin (2𝜋 ( + 𝜆 − Δ))
𝐵

2 − 16

Here, the Berry phase B has to be taken into account for a topological system: the 𝜆 of
phase factor 𝜆 − Δ in the sine term, = (1/2 -B/2). The dimensionality of the Fermi
surface determines the phase shift Δ, which is 1/8 for a 3D system, where the maximum
or minimum determines the sign. In 2D case, the Δ = 0.

2.5 Magnetic Scattering
In a magnetically ordered sample, e.g., a ferromagnetic metal, the negative MR is
always a puzzle. When a metal carries a current, the deviation of electrons into different
parts of the Fermi surface is already the path to minimize the scatterings. Hence, if the
sample is applied with magnetic fields, it should lead to more scattering and positive MR.
A very important insight into this puzzle was provided by Mott, in the Ni metal, in which
only few-electron volte energies are needed to change the charge configurations between
3d84s2, 3d94s1 or 3d10. The d band of Ni is very narrow (which is the condition to allow
the ferromagnetism) and hence the effective mass is much larger than the free electron
mass. The s band, however with an effective mass close to electron mass. The
conductivity is given by:
𝜎=

𝑛𝑠 𝑒 2 𝜏𝑠 𝑛𝑑 𝑒 2 𝜏𝑑
+
𝑚𝑠∗
𝑚𝑑∗

2 − 17

is dominated by the first term, which means the conductivity is mainly contributed by s
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electrons. Note that in equation 2-17, the scattering time of both electrons are roughly
equal. The transition probability is mainly due to s electrons to d electrons. Above the
ordering temperature, all s electrons can turn to d band; which however decrease to half
below ordering temperature, since all the unoccupied d bands are antiparallel. Therefore,
with a magnetic field increasing the spin polarization, this allows fewer transitions and
therefore a negative MR is observed. For extrinsic systems, e.g., transition metal
(impurities) doped metals, the bonded magnon model is widely used to explain the
negative MR.

2.6 Magnetic Measurements

Fig. 2.6 The VSM mounted on PPMS. (a) The vibration head. (b) The signal peaking coil. (c) The
sample holder made by quartz and copper.

During magnetic measurements in this thesis, the vibration sample magnetometer
(VSM) mounted on the PPMS device was mainly employed. In a VSM, the saple is
magnetized in the uniform magnetic field. The magnetized sample is sinusoidally or
linearly vibrated in the chamber and generates a periodical mangetic noise. The periodical
signal is picked up by a lock-in amplifier, which depends on the magnetization of the
sample.[7, 8] Compared with traditional VSM, the PPMS VSM employs the parallel (to
magnetic field) vibration mode, which acquires much higher accuracy. The measuring
magnetic field is provide by the superconducting magnetic of PPMS, with the highest
reachable measurements field at 14 T.
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During measurements, both zero-field-cooling (ZFC) and field cooling (FC) process
were employed. In ZFC measurements, the sample is cooled without magnetic field to
base temperature, a measuring field is applied during the heating process, where the
magnetization data are collected. In FC measurements, additional cooling field is applied
during cooling down the sample.
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Chapter 3 Tuning the Fermi Pockets and Magnetic
Ordering

in

Transition-metal-doped

Topological

Insulator Crystals
In this chapter, I investigated the magnetotransport properties of V/Fe-doped
topological insulators single crystals. The parent materials are Sb2Te3 and
(Sb0.9Bi0.1)2Te3 single crystals in this chapter, which show p-type metallic bulk behaviors.
With transition metal doping, the band structure of Fe0.04Sb1.96Te3 changes significantly
and multiple Fermi pockets become evident in the Shubnikov-de Haas oscillations, in
contrast to the single frequency detected for pure Sb2Te3. On the other hand, in
V0.04(Sb0.9Bi0.1)1.96Te3 single crystal, the quantum oscillations vanishes. Instead,
ferromagnetic ordering of V is observed in below 10 K regime. Using complementary
density functional theory calculations, I identify an additional bulk hole pocket
introduced at the Γ point which originates from the chemical distortion associated with
the Fe-dopant. Experimentally, both doped and undoped samples are hole-carrier
dominated, however, Fe doping also reduces the carrier density and mobility. The angle
dependent quantum oscillations were analyzed to characterize the complex Fermi
surface and isolate the dimensionality of each SdH feature. Among the components, at
least two pockets possess 2D-like behavior according to their rotational dependence.
These results indicate a complex interplay of hybridized dopant bands with the bulk and
surface topological electronic structure.
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3.1 Motivation to this study
The interpaly between magnetic ordering and Dirac surface states is attractive for
electronic applications and potentially host a range of fascinating phenomena including
the quantum anomalous Hall effect, topological magnetoelectric effect, magnetic
monopole images and Majorana fermions.[1-4] In 3D topological insulators such as the
(Bi,Sb)2Te3 family, the surface electronic structure is entangled with the bulk electronic
structure, and consequently, both aspects need to be understood at the fundamental level.
Currently, there are a number of unresolved questions concerning the effect of transition
metal doping in the (Bi,Sb)Te3 family and this is related to one of the most fascinating
transport properties in the TIs, namely the quantum anomalous Hall effect (QAHE).
Shortly after it was predicted[5], the QAHE was experimentally realized in V doped
(Bi,Sb)2Te3[6] thin films. The Hall resistance reaches the predicted quantized value of
h/e2, accompanied by a considerable drop in the longitudinal resistance[6], which would
significantly reduce the power consumption in electronic devices. However, the onset
temperature remains low, and it is widely believed that in-gap features are introduced by
the transition metal dopant that are detrimental to performance. Therefore, magnetic
doped TIs, e.g., V-, Cr- and Mn Sb2Te3 [7-10], Fe- and Mn-doped single crystals of
Bi2Te3[11,12] and Cr-, Mn-doped of Bi2Se3[13,14], are being increasingly studied to
determine the optimal set of dopants, magnetic order and transport properties in thin films
and single crystals. In this chapter, I present a comprehesive study in iron doped
Sb2Te3 has a tetradymite crystal structure, which belongs to the 𝑅3̅𝑚 space group,
with quintuple (Te-Sb-Te-Sb-Te) layers piled up along the c-axis via the van de Waals
interaction. As the ionic radii of the Sb3+ is very similar to a number of transition metals
(R(Sb3+) = 0.76 Å)15 it reasonable to expect efficient transition metal doping in this family
in contrast to Bi2Te3 where a larger mismatch occurs. Another potential advantage of
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Sb2Te3 is that the chemistry ratio of Sb:Te can be controlled by the growth process. By
increasing Te pressure, the typical Te vacancies in single crystal Sb2Te3 can be reduced,
which, remarkably, also depletes the bulk conduction channels, thus reducing the carrier
density. In tandem, this increases the carrier mobility, e.g. mobilities as high as 25000
cm2V-1s-1 have been attained, which are the highest for any of the existing topological
materials[16]. I note that a past DFT study on the transition-metal doped 3D TIs predicts
the Fe dopant is unique amongst the potential transition metal dopants because it is
predicted to contribute to the density of states and result in multiple electron or hole
pockets at the Fermi level in Fe doped Sb2Te3.[17] This would be very interesting as the
Fe doping is likely to have multiple effects by: 1) introducing a ferromagnetic or
paramagnetic state; 2) tuning both types and density of charge carrier; 3) modifying the
non-trivial transport state due to the intrinsic strong spin-orbit coupling in the Sb2Te3.
However, to the best of our knowledge, there is an absence of experimental study for the
Fe-doped Sb2Te3 system. This motivated us to investigate the Fe doping effect on the
electronic structure of Sb2Te3 by performing quantum transport measurements. Further,
10% of Bi was introduced into Sb site, to slightly tune the Fermi level to bulk gap. With
the Shubnikov-de Haas (SdH) analyse, I found that the (Sb0.9Bi0.1)2Te3 single crystal still
shows p-type bulk-dominant 3D Fermi surface. With transition metal V doping, the SdH
oscillations vanished, however interestingly, the ferromagnetic ordering of V was
observed in below 10 K regime.

3.2 Experiments & Calculation details
High-quality

Sb2Te3,

(Sb0.9Bi0.1)2Te3

(SBT),

Fe0.04Sb1.96Te3

(FST)

and

V0.05(Sb0.9Bi0.1)1.95Te3 (VSBT) single crystals were grown by the melting and slowcooling method. Briefly, high-purity stoichiometric amount (12 g) of Fe (3N), Sb(4N)
and Te(5N) powders, with atom ratio of 0.04:1.96:3, were sealed in a quartz tube as
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starting materials. The crystal growth was carried out in a vertical furnace using the
following temperature procedures: i) Heating the mixed powders to completely melt at
900 degree ii) Cooling rapidly (60 K/h) to slight above the melting point, iii) Slowly
cooling (2 K/h) down to room temperature to crystallize the sample. After growth, single
crystal flakes with a typical size of 5 * 5 * 0.2 mm3 could be easily exfoliated
mechanically from the ingot. Naturally, Sb2Te3 family single crystals prefer to cleave
along the [001] direction, resulting in the normal direction of these flakes being (001), as
shown the inset photograph of Fig. 3.1(b, c). The strong (00l) (l = 6, 9, 12, 15, 18)
diffraction peaks of FST flakes (Fig. 3.1b&c) indicate that the single crystal is a c-oriented
crystal flake.
The electronic transport properties were measured by the standard four-probe
method using a physical property measurement system (PPMS-14T, Quantum Design).
Ohmic contacts were prepared on a fresh cleavage ab plane using room-temperature cured
silver paste. The electric current is parallel to the hexagonal ab plane while the magnetic
field is orientated along the c-axis. Angle-dependent magnetoresistance (MR) was also
measured using a standard horizontal rotational rig mounted on the PPMS.
Density Functional Theory (DFT) calculations were carried out using the planewave code, Vienna Ab-initio Simulation Package (VASP) version 5.44.[18,19] The
Generalized-Gradient Approximation using the Perdew–Burke–Ernzerhof (PBE)
exchange-correlation functional was employed, together with the spin orbit interaction
and Hubbard correction for the Fe d levels. The Hubbard terms were taken as U = 3 eV
and J = 0.28 to be consistent with recent work, although investigations were performed
for a range of values and found to yield similar results. Both pure Sb2Te3 and Sb2-xFexTe3
were simulated with identical levels of precision. For the Sb2-xFexTe3, a 2 ☓ 2 ☓ 1
supercell was constructed containing a single Fe atom within a total of 60 atoms. An
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energy cut-off and electronic convergence of 300 eV and 1.0 ☓ 10-5 eV respectively.
Forces were converged within 0.02 eV/A. Dispersion corrections were included via the
Grimme D3 method to account for van der Waals interactions[20]. A k-point mesh
equivalent to a 16☓16☓2 mesh in the hexagonal unit cell was adopted. For visualizing
the Fermi surface, a grid of spacing 0.1 Å-1 was constructed corresponding to 20☓20☓
4 in the unit cell, and values were interpolated between these points.

3.3 Tuning the Fermi pockets in Fe doped Sb2Te3

Fig. 3.1 (a) Resistivity of Sb2Te3 and Fe0.04Sb1.96Te3 as a function of temperature from 3 to
300 K. The inset shows the MR at 3 K up to 14 T. (b, c) the X-ray diffraction patterns of Sb2Te3
and FST single crystals along the c direction. The inset photos are crystal pieces cleave from the
ingot. (d) Sketches of the band structure and Fermi surface of Sb2Te3 and FST.

Since the bonding between Sb and Te is relatively weak, it can lead to defects (e.g.,
Te vacancies) in the crystals, and this results in a metallic base state in Sb2Te321. This
situation also occurs in our crystals. As shown in Fig. 1(a), the resistivities of both samples
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monotonically decreases with the cooling from 300 K to 3 K. At 3 K, the resistivity of
FST is about 80 µΩ∙cm, presenting a metallic state. Besides, the residual resistance ratio
(RRR = R(300 K)/R(3 K)) is about 10 to FST, and is near 6 to Sb2Te3 in our case. The
inset of Fig. 1 shows the magnetoresistance (MR), which defined by (R(B) – R(0))/R(0),
of FST single crystal with magnetic field perpendicular to the current. One can see the
maximum MR value at 3 K is about 150%, similar to the MR previously studied24 in this
system. Moreover, oscillations patterns could be found in the MR curve, attributed to the
Shubnikov-de Haas (SdH) effect. The aforementioned XRD results, as well as the
magnetotransport properties, demonstrate the good quality of as-grown single crystals.
To further understand the SdH effect in Sb2Te3 and Fe-doped single crystals, I
conducted a series of MR measurements at different temperatures shown in Fig. 3.2 (a)
and (b). In the pure Sb2Te3 crystals, the MR curves firstly increase with external magnetic
fields, however, more-or-less saturate in above 8 T. The Fe-doped samples behaves
significantly differently, resulting in a linear-like, unsaturated MR curves within the
measured temperature range. The SdH oscillation amplitudes ( =  - <>) are obtained
by subtracting a smooth non-oscillatory background <> from the oscillating total
resistivity (). These are plotted against the inverse magnetic field in the Panel (e) and (f)
of Fig. 3.2. The oscillation amplitude displays complex periodic behaviors and decreases
with increasing temperature. It is noteworthy that the oscillation amplitude of Sb2Te3 is
one order-of-magnitude larger than it in FST, which is taken to imply that there are
additional defects induced by the doping process that contribute to charge-carrier
scattering. In Panel (c) and (d), one can see the oscillation patterns are different from each
other: while there is a single oscillatory mode in Sb2Te3, numerous frequencies appear for
the FST. To analyze, the oscillations, I performed fast Fourier transforms as shown in
Panel (e) and (f). A single peak at ~50 T can be found in Sb 2Te3, indicating that a single
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pocket exists near the Fermi surface as shown in Fig. 3.1(d), which agrees well with the
band structure calculation[4], and also the previous SdH experiments on p-type
Sb2Te3[22]. Note that, the peak value decreases as the temperature increases.

Fig. 3.2 SdH oscillations of both Sb2Te3 and FST single crystals. (a) and (b), MR curves of
Sb2Te3 and FST single crystals measured at different temperatures; (c) and (d), oscillation patterns
obtained by subtracting the smooth backgrounds at various temperatures, plotted as a function of
1/B; (e) and (f), amplitudes of the fast Fourier transform from the oscillations.

In the present study, multiple oscillation peaks with frequencies at about 62, 150 T, can
be detected, representing the multiple large pockets at the Fermi surface shown in Fig.
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3.1(d), which agrees with the DFT calculations, as discussed in a later section.
Fig. 3.3 displays the LK fitting of oscillation amplitudes. According to LK theory,
Mos  RTRDsin(

2𝜋𝐹
𝐵

+ β), where Mos, RT, RD and β are the magnitude of oscillation,

temperature damping factor, Dingle damping factor and Berry’s phase, respectively. The
effective mass m* can be extracted from the temperature dependence of the SdH
oscillation amplitudes by RT =

𝛼𝑇𝑚∗

, in which 𝛼 =

2𝜋 2 𝐾𝐵 𝑀𝑒

𝐵∙sinh (𝛼𝑇𝑚∗/𝐵)

𝑒ℎ

~ 14.96 T/K, where

kB is the Boltzmann constant and me is the electron rest mass. I fit the temperature
dependence of SdH oscillation amplitude of Sb2Te3 and FST which shown in Fig. 3.3, to
obtain the effective masses are 0.23 and 0.37 me, respectively.

Fig. 3.3 LK formula fitting of oscillation amplitudes of Sb2Te3 and FST single crystals. The
effective mass can be calculated from the fitting curves.

Fig. 3.5 shows the Landau level index of the SdH oscillation patterns of FST at 3 K
and different positions. Because in our measurements, xx < xy, I assign the maximum
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of oscillation as integer Landau indices, and carefully fit the data in straight lines using
the most obvious pattern with slops of the oscillation frequencies, and thus obtain
intercepts to confirm the type of carriers which contribute to the oscillations. I find that
the intercepts almost remain constant as the rotating process at value of 0.5 – 0.7 (-0.3 - 0.5), which are contributed by the mixed bulk and surface states.

Fig. 3.4 Landau level index diagram of Sb2Te3 (left) and FST (right) single crystals. The
peaks of single frequency in Sb2Te3 results in an intercept of ~ -0.5.
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Fig. 3.5 Landau level index diagram of FST single crystals at various positions. In the index
diagram, I choose the most obvious set of features to conduct the linear fittings.

The oscillations frequency F is related to the cross section of the Fermi surface A,
by the Onsager relation: F = (h/2πe)∙A; here, h is Plank’s constant, e is the elementary
charge. Therefore, the cross section of Sb2Te3 is 0.48 nm-2, while in FST, more than one
cross section can be detected with an area of 0.62 and 1.44 nm-2, respectively. The relative
Fermi wave vector KF can be calculated as KF = (A/π)-2 giving 0.29, 0.44 and 0.68 nm-1.
According to LK theory23, Mos  RTRDsin(

2𝜋𝐹
𝐵

+ β), where Mos is the magnitude of

oscillation, RT is the temperature damping factor, RD is the Dingle damping factor and β
is the Berry phase, respectively. The effective mass m* can be extracted from the
𝛼𝑇𝑚∗

temperature dependence of the SdH oscillation amplitudes by RT = 𝐵∙sinh (𝛼𝑇𝑚∗/𝐵) , in
which 𝛼 =

2𝜋 2 𝐾𝐵 𝑀𝑒
𝑒ℎ

~ 14.96 T/K, where kB is the Boltzmann constant and me is the

electron rest mass. I fit the temperature dependence of SdH oscillation amplitude of
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Sb2Te3 and FST as shown in Fig. S2, to obtain the effective masses are 0.23 and 0.37 me,
respectively. The extrapolated Landau-level index  at the extreme field limit, e.g., 1/B
→ 0, is related to Berry’s phase, which indicates a phase shift regarding the conventional
Landau quantization in materials. The intercept  = 0 corresponds to a normal metal,
while  = 0.5 comes from the massless relativistic fermions in a magnetic field. As shown
in Fig. S2, the intercept of Sb2Te3 and FST single crystal are -0.5 and -0.3 (0.7),
respectively, indicating that the quantum oscillations might be contributed by the surface
states in Sb2Te3, but are sensitive to a mixed contribution of surface states and bulk states
in FST. The aforementioned parameters are summarized below in Table 1.

Frequency

Area

Fermi

Effective

Berry

Sample
(T)
Sb2Te3

(nm-2)

Vector (nm-1)

Mass (me)

Phase (2)

50

0.48

0.29

0.23

0.5

62

0.62

0.44

0.37

0.7

150

1.44

0.68

FST
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Fig. 3.6 Angular-dependence of the SdH oscillations of the FST single crystal. (a) MR curves
FST single crystals measured at different angles at 3 K; (b) oscillation patterns obtained by
subtracting the smooth backgrounds at various angles, plotted as a function of B; (c), amplitudes
plots of fast Fourier transform from the oscillations; (d) two selected frequencies evolve with
rotation, in which the star symbols are experimental data, while curves are fitted with
F(θ)=F(0)/cos(θ-45).

The angle dependence of quantum oscillations at different tilt angles (θ) provides
information about the shape, size and dimensionality of the Fermi surface. Fig. 4 shows
the MR at different θ values. In the MR plot displayed in Fig. 3.6(a), the maximum
resistivity value decreases in the rotation process and reaches the minimum value at 60
degrees. Interestingly, the MR value at 90 degrees, which means the external magnetic
field is parallel to the current, is larger than that of 60 degrees. and comparable with the
magnitude of 45 degrees. During the rotation towards 90 degrees., the oscillation
component gradually weakens. After carefully subtracting the background, the oscillation
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pattern can be found at all positions, which are plotted as a function of H in Fig. 3.6(b)
and 1/B in Fig. 4(c). Obviously, the positions of maxima and minima change
systematically with the tilt angle. Fig 3.6(c) shows the FFT of the quantum oscillations at
various angles, showing the multi-frequency nature of FST single crystal at all angles. In
Fig. 3.6(c), it is possible to observe that the frequency F in the rotating process decreases
monotonically until 45 degrees., then increases. Since F is proportional to the cross
section of the Fermi surface A, I conclude that A is not constant for different magnetic
field orientations, which means the Fermi surface is not spherical but ellipsoid or someother two dimensional like shape. I, therefore, fit the frequencies as a function of rotating
angle in form of F(θ) = F(45)/cos(θ - 45). It is noted that the bulk valence band of Sb2Te3
is confirmed to consist of ellipsoidal valleys which are tilted by 45 degrees from the c
axis [8]. Therefore, the oscillations may origin from the bulk state, due to the defects
during single crystal growth, as well as the Fe doping. Together with the previously DFT
calculation 6, I deduce the Fermi surface structure is close to the sketch in the inset of Fig.
1(d).
Fig. 3.4 shows the Landau level index of the SdH oscillation patterns of Sb2Te3 and
FST at 3 K. I carefully fit the data in straight lines with slops of the oscillation frequencies,
and thus obtain intercepts to provide evidence for the type of carriers which contribute to
the oscillations. For Sb2Te3, the half integer intercept illustrates the contribution of novel
surface states; while for FST, the mix contribution of surface state and bulk state provides
~0.7 (-0.3) of both frequencies.
Moreover, the Landau-level index diagrams of oscillations from 0 to 30 Deg. are
plotted in Fig. 3.5. Due to the multi-frequency nature of those oscillations, I chose one of
the main patterns to determine the intercept. Interestingly, all those intercepts are around
-0.3 - -0.5, and are almost unchanging during the rotation process.
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Fig. 3.7 Hall Effect of Sb2Te3 and FST single crystals. (a) and (b), ρxy plots of Sb2Te3 and
FST single crystals at various temperatures. (c) The Hall coefficient and the carrier density
calculated from the relative Hall curves are plotted as functions of temperature.

It is well known that the defects in Sb2Te3 contribute to the hole carriers, leading to
a p-type semimetal. I here introduce Hall measurements to further verify this feature in
our as grown Sb2Te3 single crystal, as well as check the effect of Fe doping. In Fig. 3.7
(a) and (b), the Hall Effect curves are plotted from 3 to 300 K. One can easily identify
that the linear-like increasing curves, which correspond to a p-type conductor, are
contributed by hole carriers. Though past DFT calculations indicate that Fe doping may
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introduce electron carriers into Sb2Te3 [17], the curves are more likely corresponding to
a single-hole carrier model, rather than a multi-carrier model.
At 3 K, the Hall coefficient of Sb2Te3 and FST are 0.065 and 0.075 cm3C-1,
respectively. Together with the conductivity measured before, I can obtain the Hall
mobility is 2167 cm2/Vs in Sb2Te3 and 990 cm2/Vs in FST. Fe-doping slightly reduces
the carrier density and mobility of Sb2Te3, while increasing the defect density. One
possible reason is that Fe introduces electron carriers and might reduce the hole carriers
contributed in Sb2Te3. The carrier’s density does not change much in the heating process,
which might due to the carriers’ origin from synthesis defects, not intrinsic carriers which
evolves significantly with temperature.
Let us focus on the carrier density and mobility: the Fe dopant slightly reduces the
carrier density, and significantly reduces the carrier mobility at 3 K. I attribute the doping
effect on carriers to two general aspects: 1) Fe shifts the Fermi level towards the valence
band, and thus increases the Fermi pocket area; 2) Fe introduces electron carriers, which
might equally reduce the contribution of hole carriers in Hall measurements. Meanwhile,
Fe dopant also introduces more defects in the crystal lattice, which may be one of the
main reasons that reduce carrier’s mobility in FST single crystal. Moreover, Fe dopant
changes the Fermi surface morphology to a great extent: 1) more than two Fermi pockets
appear in FST, compared to the single pocket in Sb2Te3; 2) the angle dependence
measurements illustrates that those pockets possess a 2D or 2D-like shape. The relative
complexity of the Fermi surface offers an an extra free degree of Fermi surface tuning,
e.g., via thickness or gating.
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Fig. 3.8 DFT calculations for Sb2Te3 and Sb2-xFexTe3. a) The undoped Sb2Te3 cell is
characterized by a large Sb-Te bond distance d=3.18 Å. The shaded area indicates the valence
electron density. b) The Fermi surface calculated for p-type Sb2Te3 viewed along the (001)
projection includes of six major ellipsoids from the hole bands. For comparison, the red ellipsoid
depicts an area of 0.405 nm-2. c) The Fe dopant (black) causes a crystallographic distortion in the
Sb2Te3 supercell and yields a reduced cation-anion distance d=2.84 Å with an enhanced electron
density near the Fe. d) The inner Fermi surface for the Sb2-xFexTe3 includes an additional pocket
at the Γ point. The cross-sectional area of the two highlighted features are 0.72 and 1.98 nm -2
respectively. e) The exchange-splitting forms a second Fermi surface (right) that wraps the inner
Sb2-xFexTe3 surface. e) The band structure of pure Sb2Te3 indicates a predominant s-p character
and shows the light and heavy hole bands at the Fermi surface. The green line is the energy used
to draw the Fermi surface. f) The band-structure of the Sb2-xFexTe3 shows an additional hole band
at Γ at the valence band.

To clarify the topology of the Fermi surface features detected in the SdH oscillations,
density functional theory calculations were performed. Fig. 3.8 summarizes the DFT
calculations comparing pure Sb2Te3 with Sb2-xFexTe3. The undistorted crystal structure
of Sb2Te3 in shown in Fig. 3.8a. The corresponding Fermi surface is shown in Fig. 3.8b,
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where p-type doping has been modelled by shifting the Fermi surface to E = -0.1 eV. The
Fermi surface viewed along the kz projection consists of six ellipsoidal valence bands
derived from the hole bands along six-fold symmetric Γ->M lines. This agrees with past
work which proposed a six ellipsoid valence band model of Sb2Te3.[24-26] At moderate
doping corresponding to EF=-0.1ev, the maximum cross-sectional area of these light-hole
ellipsoids is 0.405 nm-2 in reasonable agreement with experimental signature in the sdH
oscillations (0.48 nm-2). Heavier p-type doping results in a further six heavy-hole pockets
becoming populated. The offset between the valence band maxima (VBM) is very
sensitive to strain and external pressure in Sb2Te3.[27,28]
The Fe dopant introduces a local crystallographic distortion in the Sb2Te3 cell that is
reflected in the band structure. Fig. 3.8c shows the relaxed chemical structure of a
supercell containing a Fe-dopant and indicates that Fe-Te bond-lengths (dFe-Te=2.87 Å)
are shorter than the analogous Sb-Te bond-lengths (dSb-Te = 3.18 Å). Fig. 3.8d shows the
Fermi surface after Fe-doping. The joint effect of hole-doping and distortion introduced
by the Fe modifies the valence band maxima (VBM) features and consequently, the Fermi
surface in the Sb2-xFexTe3 has additional features, most prominently at the Γ point. The
cross-sectional area of the closed orbits of the ellipsoids is expanded in the Fe-doping to
1.98 nm-2 whereas the Γ pocket has a smaller area corresponding to 0.7 nm-2. These can
be tentatively assigned to the larger and smaller SdH oscillation frequency. Exchange
splitting also gives rise to a second larger Fermi surface (Fig. 3.8e) which contains open
orbitals, making it unlikely to contribute to the SdH oscillations.
The band-structure of the undoped Sb2Te3 (Figure 3.8f) and Fe-doped Sb2Te3 (Figure
3.8g) clearly show the contrasting features in the VBM at the Γ and M points which are
responsible for the respective Fermi surface. By analyzing the band-character, it is seen
that the Γ point in Fe-doped Sb2Te3 is comprised entirely of Sb-Te s-p orbitals, and
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therefore hybridization with the Fe d levels does not play a direct role. Instead, this band
energy is a reflection of the crystallographic distortion and strain introduced by the dopant.

3.4 Tuning the magnetic ordering in V doped SBT
Since there is no obvious magnetic ordering in FST system, I revisited the V doping
effect in SBT single crystal (the thin film samples are famous for their QAHE). Due to
previously ARPES study, ~10% of Bi doping in Sb site will shift the Fermi level into bulk
band gap, therefore resulting surface dominant transport behavior in SBT crystal. As
shown in Fig. 3.9, the magnetoresistance curves are anisotropic in SBT crystal, with clear
signs of SdH oscillation patterns. After removing the smooth background, oscillation
patterns were extracted and demonstrated in Fig. 3.10(a).

Fig. 3.9 The angular dependent magnetoresistance curves at 3 K of SBT single crystal.
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Fig. 3.10 The SdH oscillations of SBT single crystal at 3 K. (a) The background-removed
oscillation patterns of SBT crystal at 3 K. (b) The frequencies extracted from the FFT of
oscillation patterns.

One may find the clear sign of evolution of the oscillation patterns during rotation.
Since the oscillations are found in all positions, and in only one frequency of each curve,
it is easy to deduce that one 3D Fermi pocket contributes to all the SdH effect. With FFT
of the oscillation curves, the frequencies are obtained and plotted in polar diagram in Fig.
3.10 (b), which also exhibits the feature of 3D Fermi surface. With V doping, all these
SdH oscillation features gone, and the magnetoresistance turn to negative at low
temperatures. To better understand the magnetic property and its affections on transport
behavior, VSM equipped on PPMS was employed to conduct the temperature and
magnetic field dependent magnetization measurements.
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Fig. 3.11 Magnetic properties of V doped SBT single crystal. (a) Temperature dependent
magnetization curves of VSBT single crystal. (b)

As shown in Fig. 3.11 (a), the magnetization values of both ZFC curve and FC curve
increase dramatically with further cooling from ~ 11 K, which is a sign of magnetic
ordering. The magnetic hysteresis loops below 11 K show typical ferromagnetic shape
(Fig. 3.11b), together with the coupled butterfly-shaper MR, and anomalous Hall effect
(Fig. 3.11c), the ferromagnetism of V:SBT at ~11 K is proved.
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Fig. 3.12 Transport properties in FM ordered VSBT crystals. (a) The MR effect, and (b) Hall
effect.

I further measure the magnetoresistance and Hall effect in low temperatures, as
shown in Fig. 3.12. In Panel a, one can see that, the “wings” of butterfly shape MR curve
degrade with heating drastically from 3 – 8 K. Above 8 K, the resistivity decreases with
absolute magnetic field monotonically. In reduced (which means the diamagnetic linear
contribution was subtracted) Hall effect curves, squire-shape loops coupled with butterfly
MR are found in 3 – 8 K region. In FST single crystals, the SdH oscillations are relatively
weaker than in Sb2Te3 crystals, which is due to the higher defect level. In VSBT crystals,
the defect level is too high to annihilate all SdH oscillations.

3.5 Conclusion
In this chapter, I use transition metals as dopants to introduce magnetism in Sb2Te3
based topological insulators. With Fe doping, the Sb2Te3 single crystal still possesses a
metallic state with a large MR in low temperature region. Compared with Sb2Te3, FST
shows more complexity in its Fermi surface morphology, which manifests as multi73

frequency oscillation patterns in MR measurements. In the angular-dependent
measurement, the oscillation frequencies shift, and two of the frequencies indicate 2Dlike behavior. I tentatively assign these two features to the two-valence band minimum,
one of which is intrinsic to Sb2Te3, and one which is introduced by chemical strain
associated with the Fe dopant. Further, I find that both samples are hole-carrier dominated,
and Fe doping reduces the carrier’s density, and mobility. These results show that the
hybridization of transition-metal defect bands with the intrinsic Sb2Te3 bands is a crucial
consideration if such materials are to be incorporated into future electronic devices.
Meanwhile, in V doped TI, the ferromagnetism is observed below 10 K, which is
evidenced by MH loops, butterfly MR and anomalous Hall effect. However, due to the
high defect level, the important SdH oscillations are absence in those crystals.
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Chapter

4

SdH

Oscillations

in

Bulk-insulating

Topological Insulators Vx:Bi1.08-xSn0.02Sb0.9Te2S

In Chapter 3, the quantum oscillations are coming from the combination of bulk states
and topological surface states, which is strongly suppressed by the bulk defect level.
In order to explore the low-dissipation surface states based electronic devices, an
insulating bulk should be achieved. To develop TI-based devices, a key factor is the
maximum temperature at which the Dirac surface states dominate the transport
behavior. Here, I employ Shubnikov-de Haas oscillations (SdH) to study the surface
state survival temperature in a high-quality vanadium doped Bi1.08Sn0.02Sb0.9Te2S
single crystal system. The temperature and angle dependence of the SdH show that: 1)
crystals with different vanadium (V) doping levels are insulating in the 3 – 300 K
region; 2) the SdH oscillations show two-dimensional behavior, indicating that the
oscillations arise from the pure surface states; and 3) at 50 K, the V0.04 single crystals
(Vx:Bi1.08-xSn0.02Sb0.9Te2S, where x = 0.04) still show clear sign of SdH oscillations,
which demonstrate that the surface dominant transport behavior can survive above 50
K. The robust surface states in our V doped single crystal systems provide an ideal
platform to study the Dirac fermions and their interaction with other materials above
50 K.
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4.1 Motivation to bulk-insulating TI study
In a topological insulator, the edge/surface states protected by time-reversal
symmetry[1] are very useful in low-dispassion electronics. Theoretical predictions have
revealed spin-moment locking, and linear-dispersion edge states can be addressed in a
two-dimensional (2D) topological insulator.[1, 2] The experimental breakthrough leading
to the 2D system was achieved in a strong spin-orbital coupled CdTe/HgTe quantum well,
which gave rise to a quantum spin Hall state.[3] Recently, 1T′-WTe2 monolayer[4-6] has
been proved to be a new quantum spin Hall insulator, with a conducting edge state that
can survive to 100 K[7, 8], thereby offering a potential application for a 2D TI in ultralow-energy electronics.
In three-dimensional (3D) topological insulators, the conducting edge changes to a
metallic surface state that emerges due to the nontrivial Z2 topology of the bulk valence
band.[9-12] The unique conducting surface states offer a new playground for studying the
physics of quasiparticles with unusual dispersions, such as Dirac or Majorana fermions,
as well as showing promising capabilities for spintronics (e.g. efficient spin-torque
transfer). Experimentally, ever since the novel 3D TI family, including Bi2Se3, Bi2Te3,
and Sb2Te3, was developed, the transport and optical properties related to topological
surface states have been intensively studied.[10-18] In particular, a quantized anomalous
Hall effect (QAHE) was found in a magnetic-ion-doped 3D TI thin film that presented a
transverse current with extremely low dispersion.[19, 20] To achieve the QAHE, both the
linearly dispersed topological surface states and ferromagnetic ordering are needed.[2022] More recently, X-ray magnetic circular dichroism results[23] have demonstrated that
the ferromagnetic ordering of spin-spin related surface states survives better than in the
bulk states, which might imply that the critical temperature of the surface states is the key
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to QAHE.
Since the surface states of a TI are very important, it is a great challenge to develop
a system in which surface-dominated transport survives at high temperature. In fact, most
of the known TI materials are not bulk-insulating, which hinders study of the transport
properties of the surface states. Therefore, bulk-insulating TIs with high resistivity are
still required to extend the topological states to the high temperature region. A good
example of a wide-gap TI system is Bi2-xSbxTe3-ySey (BSTS)[9, 10, 24-27], which shows
surface states that dominate the transport behavior at and below 30 K[9]. Another
important bulk-insulating TI compounds are Tl1-xBi1+xSe2 system, which shows robust
surface oscillations at 50 K.[28] However, the Tl’s toxicity limits their application in
electronic devices. Since in bulk-insulating TIs, the Fermi surface is formed by pure Dirac
dispersed surface states, the Shubnikov-de Haas (SdH) oscillations are strong evidence
that can be used to evaluate the contribution of surface states. Tracing the SdH oscillations
is an effective method to study the surface states in bulk-insulating 3D TIs. For example,
the angular dependence of the SdH oscillations is key evidence that can be used to isolate
surface-features. The oscillation magnitudes also provides insight into other properties of
the electronic structure such as the effective mass and quantum mobility. In realistic
systems, the effective mass of a Dirac carrier is always nonzero instead of the ideal zero
mass, and this causes temperature-induced damping of the amplitudes of SdH oscillations.
One strategy that improves on BSTS, for which the surface band is not ideally linear, is
to utilize a different TI: Sn-doped Bi2-xSbxTe2S, which has a wide bulk band gap [29-32] .
In the latter compound, 2% tin is introduced to stabilize the crystal structure, and the
corresponding material shows surface states with a linear dispersion over a large energy
range.[29] I therefore focus on further optimization of this particular system by adding V
at the bismuth sites to tune the bulk band gap. In this work, I found that the SdH
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oscillations could survive up to 50 K in all three samples, especially clear in the V 0.04
sample (Vx:Bi1.08-xSn0.02Sb0.9Te2S, where x = 0.04), which allows 3D TI-based study of
this substrate above the 50 K region. A special feature of this material is that the SdH
oscillations are found in 1 mm-thick bulk crystals, which present useable surface states,
making these crystals suitable for the fabrication of further van der Waals heterostructures.

4.2 Sample preparation and experiment details
To obtain bulk-insulating TIs, defect control is one of the most important factors in
the crystal growth process. Here, I employ a simple melting-cooling method in a uniformtemperature vertical furnace to spontaneously crystallize the raw elements into a
tetradymite structure (Vx:Bi1.08-xSn0.02Sb0.9Te2S, x is the nominated ratio).[33, 34] Briefly,
high-purity stoichiometric amounts (10 g) of V, Bi, Sn, Sb, Te, and S powders were
mixed via ball milling and sealed in a quartz tube as starting materials. The crystal growth
was carried out using the following procedures: i) Heating the mixed powders to
completely melt them; ii) Maintaining this temperature for 24 h to ensure that the melt is
uniform; and iii) Slowly cooling down to 500 C to crystallize the sample. After growth,
single crystal flakes with a typical size of 5 × 5 × 1 mm3 could be easily exfoliated
mechanically from the ingot. Naturally, the single crystals prefer to cleave along the [001]
direction, resulting in the normal direction of these flakes being [001]. The X-ray
diffractions (XRD) are performed on c-oriented flakes with different V doping level. As
shown in Fig.4.1, the strong and sharp (00l) peaks indicate that the single crystals are well
crystallized. The scanning electron microscopy (SEM) equipped with energy dispersive
X-ray spectroscopy (EDS) is employed to check the element distribution in the as-grown
single crystals, which are shown in Fig. 4.2.
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Fig. 4.1 XRD patterns of c-oriented single crystal flakes.

Fig. 4.2 SEM images and elements’ mapping of V0.08:BSSTS single crystal as an example. (a)
the SEM image on a flat surface of V0.08 crystal. (b-g) The element mapping via EDS.

The electronic transport properties were measured using a physical properties
measurement system (PPMS-14T, Quantum Design). Hall-bar contact measurements
were performed on a freshly cleaved c plane using silver paste cured at room temperature.
The electric current was parallel to the c plane while the magnetic field was perpendicular
to the c plane. The angle dependence of theMR was also measured using a standard
horizontal rotational rig mounted on the PPMS.

4.3 Surface dominant transport measurements
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Fig. 4.3 Atomic and electronic structures of single crystal V:BSSTS. (a) Typical size of V 0.04
doped single crystal exfoliated from the as-grown ingot. (b) A sketch of the van der Waals layers
in the V:BSSTS single crystal. (c) Schematic diagram of the transport measurement geometry for
measuring a freshly-cleaved V:BSSTS surface. Note that, during tilting, the magnetic field is
always perpendicular to the electronic current. (d) Possible bulk band structures in V:BSSTS
single crystals.

A single crystal exfoliated from the as-grown V0.04 ingot is shown in Fig. 4.3(a).
The V:BSSTS single crystal shares the same crystal symmetry as its parent compounds
Sb2Te3 and Bi2Te3, which belong to the R-3m space group, with quintuple layers piled
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up along the hexagonal c-axis (Fig. 4.3b). Traditionally, Se is widely used as a dopant
to tune the band structure, which results in the (Bi,Sb) 2(Te,Se)3 (BSTS) formula for the
most popular topological insulator. Nevertheless, the defect chemistry limits our ability
to grow large high-quality bulk single crystals of BSTS. Ideally, the new low-energy
electronics industry requires wafer-size thick topological insulator materials with
stable surface states and a large bulk band gap. Previous work by Kushwaha et al.
demonstrated that Sn-doped Bi1.1Sb0.9Te2S single crystal has a low carrier
concentration with clean surface states at low temperatures. To further optimize this
material, I have employed V as a Bi-site dopant, which, I discovered, has the effect of
making the bulk states more insulating (as sketched in Fig. 4.3(d)), whilst having
minimal effects on the surface states. This is a major step forward towards realizing an
ideal TI material for the electronics.
Plots of the temperature dependence of bulk resistivity are presented in Fig. 4.4(a)
for single crystal samples ~1 mm in thickness with different V doping levels. The
resistivity curves for all of the vanadium doped samples show a steep upturn as the sample
is cooled, indicating that the bulk V:BSSTS samples have become highly insulating. The
residual resistance ratios (RRR), defined by RRR = ρ(3 K)/ρ(300 K) for the samples, where
ρ is the resistivity, were 2.1, 9.4, and 127 for V0.02, V0.04, and V0.08, respectively. As the
V-doping level increases, the resistivity and the RRR increase dramatically, showing
better insulating behavior, e.g., the maximum resistivity of the V0.02 sample is near 0.1
cm, but it can reach about 0.7 and 10 cm in the V0.04 and V0.08 samples, respectively.
In the low temperature region below 10 K, the resistivity curves of the V0.02 and V0.04
samples show an additional minor feature and a slight upturn, although this is negligible
compared to the major transition at ~ 100 K. In the more highly insulating V0.08 sample,
the low temperature resistivity slightly drops with cooling. The temperature at which the
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surface states finally dominate the bulk resistivity depends on intrinsic factors, but also
varies with V doping. The ln versus T-1 plots (shown in Fig. 4.4b) exhibit activated
behavior, with the activation energy for transport at 110, 240 and 340 meV in the V0.02,
V0.04, and V0.08 samples, respectively.

Fig. 4.4 Temperature dependence of the resistivity and the magnetoresistance (MR) of V:BSSTS.
(a) The temperature dependence of the resistivity for crystals with different V contents. (b)
Natural logarithm of the resistivity plotted against inverse temperature for different doping levels,
linearly fitted to determine the band gaps. (c, e, g) The magnetoresistance at 3 – 50 K for crystals
with different V doping levels. (d, f, h) SdH oscillation patterns obtained from the MR curves and
plotted as a function of 1/B.

I conducted measurements to determine the magnetoresistance (MR) ratio, MR =
(R(H)-R(0))/R(0), for all three V-doped samples in the low temperature region in order to
understand the magnetotransport properties. In the V0.02 sample, the MR curves first
decrease in the low magnetic field region, and then increase with increasing magnetic
field, up to about 16% at 3 K and 14 T. The maximum MR value at 14 T increases upon
heating, so that it reaches 25% at 50 K. In the V0.04 and V0.08 samples, the MR values are
always positive at all temperatures and under all magnetic field conditions, but they show
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temperature-damping behavior, with maximum MR of 50% and 110% at 3 K, respectively.
Although the single crystals are similar in size and shape, the MR curves for the 3 samples
are quite different from one another. In the V0.02 crystal, the MR curves show a nonmonotonic relationship with increasing magnetic field. Between 0 – 1 T, the 3 K MR
curves slightly decrease to about -0.7% due to paramagnetic V ions, and they then show
a weak field dependence until about 5 T, after which, obvious oscillation patterns are
displayed in the quasi-parabolic curves. The oscillations, denoted as Shubnikov-de Haas
(SdH) oscillations, result from Landau quantization. Upon cooling to different
temperatures, the phenomenon of low-field MR decrease shows a similar tendency, but
with a larger change in the relative drop, e.g., the minimum MR value (appearing at 1 T)
at 5 K is about 1%, but it is near 1.6% at 8 – 50 K. To explain the negative MR behavior,
I employ the magnetization vs. temperature and magnetization vs. field measurements for
three samples, shown in Fig.4.8. At low temperature region, the V doping introduce
paramagnetic behavior. The paramagnetic V dopants order with the increasing field, thus
reduce the electronic scattering, leading to the negative MR behavior. Unlike the V0.02
sample, the V0.04 sample becomes more resistive with increasing field. Starting in the lowfield region, the MR curves show a rapid increase at 3 K. Note that the total behavior of
the V0.04 sample is linear-like with high field SdH oscillations, but it shows a faster-thanlinear increase in applied fields below 0.5 T fields. This faster rate of increase is attributed
to the contribution of surface conduction, denoted as the weak anti-localization (WAL)
effect, which is analyzed in Fig.4.5.[26] During heating, the low field behavior remains,
but it becomes less significant and vanishes at 50 K. In the V0.08 sample, the MR shows
similar WAL effect in small field region, after which, the SdH oscillations occur and the
MR values increase more slowly than the linear tendency before. To further understand
the localization behavior,
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To study the transport properties more elaborately, I have fitted the low magnetic
field magnetoconductivity curves of the three samples, which shows in Supplementary
Figure 6, using the Hikami-Larkin-Nagaoka (HLN) function1, as below:
𝐵
𝑒 2
1 𝐵
(B) = (B) − (0) = −
(𝑙𝑛 ( ) − ( + ))
ℎ
𝐵
2 𝐵
Where, (B) represents change of magnetoconductivity,  is the diagamma function, e
ℎ

is the electron charge, h is the Planck’s constant, 𝐵 = 8𝑒𝐵𝑙 is the characteristic


magnetic field, B is the applied magnetic field, 𝑙 is the phase coherence length and  is
a coefficient indicating the type of localization. During fitting, in our thick samples, the
HLN function won’t work for the magnetoconductivity is sever order’s larger than a thin
film sample. In order to converge the fitting, I assume the crystal is uniform in thickness,
and thin the sample (dividing the conductance by 10000) into micron magnitude. The
fitting results are shown in Supplementary Figure 6, showing the  is ~ -0.3 for V0.04 and
V0.08 sample in WAL model, with phase coherent length at ~ 80 nm (3 K).

Figure 4.5 HLN fittings to the low-field MR curves of three samples, at 3, 20, 30 and 50 K. The
obtained constant  and phase coherent length l are included.

Let’s then focus on the SdH oscillations in the MR curves, which are obtained via
subtracting the smooth background and are plotted in Fig. 4.6(d, f, h). Since the bulk
states are strongly insulating, the oscillation related Fermi surface is due to the
contributions of the pure surface states. The oscillation patterns of each sample are almost
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the same, but with different amplitudes, which are damped during heating. Note that, in
all three samples, the SdH oscillations survive at 50 K. Particularly, in the V0.04 sample,
the SdH oscillations are still clear at 50 K, which means that the surfaces states are quite
mobile at this temperature and might still exist at even higher temperatures in the thick
crystals. Previous study in TlBiSe2 also present the similar robust surface states dominant
SdH oscillations at 50 K with a frequency near 210 T.27 Here in V:BSSTS system, the
Fermi surface is smaller, which offers a greater opportunity to tune the Dirac point to into
Fermi surface.
The SdH oscillations for a semimetal can be described by the Lifshitz-Kosevich (LK)
formula, with a Berry phase being considered for the topological system:
1


5 𝐵 2
𝐹
= ( ) 𝑅𝑇 𝑅𝐷 𝑅𝑆 cos (2 ( +  − ))
(0) 2 2𝐹
𝐵
where 𝑅𝑇 = 𝑇/𝐵sinh(𝑇/𝐵) , 𝑅𝐷 = exp (−𝑇𝐷 /𝐵) , and 𝑅𝑆 = cos (𝑔/2) .

(1)

Here,  = 𝑚∗ /𝑚0 is the ratio of the effective cyclotron mass 𝑚∗ to the free electron mass
𝑚0 ; g is the g-factor; 𝑇𝐷 is the Dingle temperature; and  = (22 𝑘𝐵 𝑚0 )/ℏ𝑒, where kB is
Boltzmann’s constant, ℏ is the reduced Planck’s constant, and e is the elementary charge.
The oscillation of  is described by the cosine term with a phase factor  − , in which

 = 1/2 - B/2, where B is the Berry phase. From the LK formula, the effective mass of
carriers contributing to the SdH effect can be obtained through fitting the temperature
dependence of the oscillation amplitude to the thermal damping factor 𝑅𝑇 . From the
temperature damping relationship, I obtain the Dingle temperatures of the three samples:
4.7, 6.5, and 9.4 K for V0.02, V0.04, and V0.08, respectively. The effective masses for these
crystals are 0.16 m0, 0.15 m0, and 0.13 m0, respectively, as shown in Fig. 4.4(c). During
the effective masses fitting, I employ the normalized amplitudes of the last peak towards
high magnetic fields. I further conduct the fitting to other peaks, and summarize the errors
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below. The quantum relaxation time and quantum mobility can also be obtained by τ =
ħ/2πkBTD and  = eτ/m∗, respectively. According to the Onsager-Lifshitz equation, the
frequency of quantum oscillation, 𝐹 = (0 /22 )𝐴𝐹 , where AF is the extremal area of the
cross-section of the Fermi surface perpendicular to the magnetic field, and 0 is the
magnetic flux quantum. The cross-sections related to the 32, 30, and 25 T pockets are
0.34, 0.31, and 0.26  10-3 Å-2, respectively. The obtained parameters are summarized in
Table 1 below. The Berry phase can be obtained via the Landau fan diagram, which is
shown in Fig. 4.6(a). Since xx > xy, I assign the maxima of the SdH oscillation to integer
(n) Landau levels, to linearly fit the n versus 1/H curve. As I can see in Fig. 4.6(a), the
intercept has a value of around 0.5 for all three samples, which implies that these
oscillations are contributed by the topological surface states.
sample

F (T)

m* (me)

TD (K)

n (1012 cm-2)

 (104 cm2·V-1s-1)

V0.02

32

0.16

4.7

0.77

2.6

V0.04

30

0.15

6.5

0.69

1.2

V0.08

25

0.13

9.4

0.52

1

Table 1. Parameters determined from the SdH oscillations. F is the frequency of quantum
oscillation. m* is the effective mass. TD is the Dingle temperature. The 2D carrier’s
density and mobility are denoted by n and , respectively.
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Fig. 4.5 Carrier analyses of the single crystals with different V doping levels. (a) Landau fan
diagram related to the oscillation patterns at 3 K. (b) Fitting of the oscillation amplitudes by the
LK formula. (c) Hall coefficients of single crystals with different V contents from 3 to 200 K.

Fig. 4.6 Angle dependent SdH oscillations at 3 K. (a) Angular dependence of the MR for the
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V0.04 sample at 3 K, where the applied field is tilted in the normal plane with respect to the
current. Inset, a sketch of the rotating angle during angle dependent measurements. (b-d) The
oscillation patterns obtained from the angle dependent MR curves of the V0.02, V0.04, and V0.08
single crystals, respectively. (e) Plots of the obtained oscillation frequencies vs. angle, which
can be fitted into the two-dimensional 1/cos() relationship.

The SdH oscillation frequency is proportional to the area of the Fermi surface. I
analyzed the oscillations of the three samples at 3 K and found that the SdH oscillation
frequencies decreased with increasing vanadium concentration. I deduced that the
vanadium doping changes the chemical potential of the samples, thus causing the Fermi
level to shift downwards slightly towards the valence band, although remaining near the
Dirac point in all cases. I further measured the Hall effect for all three samples (shown in
Fig. 4.7), from which I calculated the Hall coefficient, as shown in Fig 5(c), where it is
plotted versus temperature. In the low field region, the Hall resistivity curves
increase/decrease linearly with the external magnetic field, where the Hall coefficient is
positive or negative, respectively. The positive or negative value of the Hall coefficient
depends on the carrier type in the samples. Interestingly, the carrier type and density in
V:BSSTS changes with doping: in the V0.02 and V0.04 samples, it is electrons that
contribute to the transport behavior, as in pure BSSTS; in contrast, the V0.08 sample has
p-type carriers. From the Hall coefficient, I can calculate that the carrier density is quite
small in all three samples (1015-16 cm-3). Via V doping, I observe that the carrier type and
density show large changes, which results in the different transport behavior.
To further understand the Fermi surface geometry, I performed angle-dependent
SdH oscillation measurements. A good example of the angular dependence of the MR
properties is shown in Fig. 4.6a, which is for the V0.04 crystal. Note that, during rotation,
the magnetic field is always perpendicular to the current, to make it possible to ignore the
influence of the angle between the magnetic field and the current (as sketched in Fig.
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4.3c). The rotation parameter  is the angle between the c-axis and the direction of the
magnetic field. At higher tilt angles, the MR value drops significantly, as along with the
SdH oscillation amplitude. The oscillation patterns obtained from the MR curves at
different orientations of the magnetic field are shown in Fig. 4.6(b-d) with the smooth
background subtracted. One can see that the quantum oscillations become weaker in the
rotation process and almost vanish at about 60 deg. I calculated each oscillation frequency,
which are summarized in Fig. 4.6(e) and roughly fitted by the 1/cos relationship. The
2D-like relationship is strong evidence that the quantum oscillations are contributed by
the topological surface states.

Fig. 4.7 The Hall measurements of (from left to right) V0.02, V0.04 and V0.08 samples.
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Fig.4.8 The magnetic properties of V:BSSTS single crystal at different doping levels.

Magnetic property measurements are conducted via vibration sample magnetometer
(VSM) of the QD PPMS. Both magnetization vs. temperature (MT) and magnetization vs.
magnetic field (MH) plots are shown in Fig. 4.8. In MT measurements, the high
temperature region of both three samples are diamagnetic, however, V0.02 shows
significant (comparing with the other two curves) upturn below 100 K. Generally, the
MH curves show diamagnetic feature in V0.04 and V0.08 samples, as well as the high
temperature (> 100 K) region of V0.02 sample. The MH curves of V0.02 sample in the
upturn region show paramagnetic feature, which might induce the negative MR behavior
in this region.

4.4 Conclusion
I employed a simple melting-slow-cooling method to grow single crystals of V, Sn
doped Bi1.1Sb0.9Te2S single crystals. The RT and Hall measurements show that all three
samples are insulating in the 3-300 K region, with low carrier concentrations. SdH
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oscillations can be detected in the low temperature region, which implies that our
insulating single crystals possess Fermi surfaces. Furthermore, I find strong 2D-like
behavior and a  Berry phase in all three samples, which provide compelling evidence
that the bulks of these crystals are good insulators. Moreover, V dopant appears to tune
both the type and the concentration of carriers in these TI systems, which provide us
with an ideal platform to study their physical properties, as well as offering potential for
device fabrication related to their surface states.
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Chapter 5 Band Structure, Transport and Magnetic
and

Magnetic

in

Rare-earth-doped

Topological

Insulators Bi2Se3

In past investigations of magnetic doped topological insulators, transition metals
are generally the most studied form of dopants. This chapter looks at ways of extending
this strategy by using rare-earth doping, as well as examining the effect of using rareearth dopants together with a transition metal co-doped into topological insulator
single crystals. Interestingly, this work reveals a possible half-metallic topological
insulator, as sketched in Fig. 5.1. With ferromagnetic ordering, a so-called massive
Dirac state is achieved, in which the spin texture near the Dirac gap is hedgehog-like.
Particularly, with full spin polarization at the Fermi surface, one can obtain a halfmetallic TI, which should also exhibit the massive Dirac states, and potentially support
the quantum anomalous Hall effect (QAHE). Further, I employed the time-of-flight
neutron spectroscopy method to explore the magnetic crystal field excitations in rareearth doped topological insulator Tb:Sb2Te3, which is the first study of its type and
may inspire future rare-earth-doped topological insulator studies.
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5.1 Motivation for studying rare earth doped topological
insulators

Fig. 5.1 Sketch of different type of TIs, employing the band structure of Bi2Se3 as an example. Due to
the imperfect nature of the crystals, the Fermi energy EF penetrates into the bulk conduction bands. In
nonmagnetic Bi2Se3, the time-reversal symmetry protected surface states are linearly dispersed, with
a helical spin texture. With ferromagnetic ordering, the broken time-reversal symmetry opens a gap at
the Dirac point, and the spin texture becomes hedgehog-like. In a half-metallic TI, the bulk states at
the Fermi surface are fully spin-polarized, which also opens a gap at the Dirac point, and probably
presents the hedgehog spin texture.

Magnetism has been identified to be a useful control parameter in TIs, because the
spin degree-of-freedom introduces a perturbation that can break time-reversal symmetry,
opening new channels for backscattering, generating axion electrodynamics[1], and
opening a gap at the Dirac cones surface states.[2, 3] A special case occurs when
ferromagnetic order in a TI system induces a zero magnetic field quantized Hall response:
the quantum anomalous Hall effect (QAHE). To obtain the QAH state, two critical
conditions have to be simultaneously satisfied[2]: 1) long-range ferromagnetic order must
give rise to an out-of-plane magnetization to gap the Dirac cone, and 2) the Fermi energy
of the system must stay in both of the bulk and surface gaps. In 2010, Y. L. Chen et al.[2]
demonstrated that Mn or Fe dopants can open a gap in the surface states in Bi2Se3 e.g.,
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~44 meV by 12% Fe doping, ~50 meV by 16% Fe doping, and ~7 meV by 1% Mn doping.
In their experiments, higher Fe doping concentrations resulted in stronger ferromagnetism
and therefore a larger surface gap, however the Fermi energy Ef was nearly constant with
Fe level.[2] In contrast, the Mn dopant shifts Ef to both (bulk and surface) band gaps
effectively, e.g., in 1% Mn level, the Ef is shifted ~ 160 meV down into the band gap,
however the limited concentration of dopants also limits the effective ferromagnetic
moments, as well as the Dirac gap width.[2] In 2013, C. -Z Zhang et al., found that in a
fine-tuned Cr doped Bi0.2Sb1.8Te3 thin film, the quantized hall conductivity e2/h (where e
is the charge of an electron, h is the Plank’s constant) can be observed at zero magnetic
field, concurrent with a vanishing longitudinal conductance.[4, 5] ARPES results[6]
indicated that in the latter samples, the Ef is around the Dirac point, and Cr dopants open
a gap on the Dirac cone. Building on this success, the transition metal dopants, like V, Cr,
Mn, Fe have generally emerged as the most popular building blocks for long-range
ferromagnetic ordering in TIs.[2, 4, 5, 7, 8] However the drawback is that a relatively
high doping level is needed to open a large enough surface Dirac gap, which also
decreases the carriers’ mobility in the TI, and in some cases introduces in-gap defect band
states.[4, 9]
Compared with transition metal dopants, the magnetism of rare-earth dopants in TIs
is significantly different. Rare earth ions typically have larger moments owing to their
unpaired 4f electrons, unquenched orbital magnetic moment, and high spin-orbit coupling.
However, the localized nature of 4f electrons generally prohibits strong direct magnetic
exchange and gives rise to low Curie temperatures.[10-12] Van-Vleck or itinerant
electron exchange, or Dirac-mediated Ruderman–Kittel–Kasuya–Yosida (RKKY)
coupling can potentially enhance ordering temperatures in rare-earth TIs. To date,
however, a high-temperature TI using rare-earth dopants has been elusive. Nevertheless,
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several other properties of the RE-doped Tis are attractive. For example, in Sm doped
Bi2Se3[13], the ferromagnetism originates at a relatively low doping level, where the
carriers’ mobility is still high (7200 cm2/Vs for 2.5% Sm doping). More importantly, past
DFT calculations on Sm doped Bi2Se3[13] showed that the carriers near Ef are fully spinpolarized, demonstrating an ultra-high mobility half-metallic state (comparing with
existing half metals: EuO[14] ~50 cm2/Vs and CrO2[15] 5 cm2/Vs). However, the tradeoff from Sm doping is that the Ef penetrates deeply into the bulk conduction bands and
therefore results in bulk-dominated transport behaviors.[13]
Based on the advantages and disadvantages of transition metal or rare-earth doping
in TIs, here I propose a new strategy to explore co-doping of rare earth and transition
metals to search for synergistic effects. I believe that in this system, the low-level dopants
can introduce ferromagnetism, as well as preserving a high mobility whilst leaving the
Fermi energy near to the gap. This chapter reports that Sm and Fe can be dual doped in a
Bi2Se3 single crystal (SFBS), with a relatively low concentration (both ~ 2%
experimentally).

5.2 Crystal growth and experimental details
Single Crystal Growth. Here I employ a simple melting-cooling method in a
uniform-temperature vertical furnace to spontaneously crystallize the raw elements into
a tetradymite structure (Bi2Se3, Sm0.02Bi1.98Se3 (SBS) and Sm0.02Fe0.02Bi1.96Se3, SFBS).
Briefly, high purity Sm, Bi, Fe, and Se powders (6 g) were mixed and sealed in a quartz
tube as starting materials. The crystal growth was carried out using the following
procedure: i) Heating of the mixed powders to completely melt them; ii) Maintaining this
temperature for 24 h to ensure that the melt is uniform; and iii) Slowly cooling the melt
down to 500 C to crystallize the sample. Since the Fe and Sm dopants possess a higher
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melting point, in step i) & ii) I set the melting temperature at 1100 C to ensure the
elements interact with each other. After growth, single-crystal flakes with a typical size
of 3 × 3 × 0.3 mm3 could be easily exfoliated mechanically from the ingot. The single
crystals prefer to naturally cleave along the (001) direction, resulting in the c-axis being
the normal direction of these flakes as is commonly the case in this family of materials.
The sample orientation and dopant distribution were confirmed using scanning electron
microscopy (SEM), electron backscattering diffraction (EBSD) and Energy X-ray
Dispersive Spectroscopy (EDS).
Transport & magnetic measurements. The electronic transport properties were
measured using a Physical Properties Measurement System (PPMS-14T, Quantum
Design). Hall-bar contact measurements were performed on a freshly cleaved c plane
crystal, using silver paste cured at room temperature. The electric current was parallel to
the c plane while the magnetic field was perpendicular to the c plane. The angle
dependence of the magnetoresistance (MR) was also measured using a horizontal
rotational rig mounted on the PPMS. During rotation, the sample alignment was chosen
such that the magnetic field was always perpendicular to the electronic current. The
vibration sample magnetometer (VSM) module on the PPMS was employed to conduct
the magnetic measurements. In zero-field cooled (ZFC) mode, the sample was cooled to
3 K at zero fields, following by magnetization measurements during heating up with a
small measuring field (500 Oe). In field-cooled (FC) mode, a 500 Oe magnetic field added
during cooling down to 3 K, and the sample was measured upon heating in the 500 Oe
field. Hysteresis loops were also measured at different temperatures to track the coercive
field and field-dependent magnetic susceptibility.
ARPES. The ARPES measurements were performed at Beamline 10.0.1 of the
Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory, USA. Data
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were taken using a Scienta R4000 analyser at 20 K with s-polarized light. The total
convolved energy resolution was 15 meV depending and angular resolution was 0.2°,
resulting in an overall momentum resolution of ~0.01 Å-1 for photoelectron kinetic
energies measured.
Theoretical calculations. Density Functional Theory (DFT) calculations were carried
out using the Vienna Ab-initio Simulation Package (VASP) version 5.44 using the plane
augmented wave (PAW) approach. The Generalized-Gradient Approximation using the
Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional was employed,
together with the spin orbit interaction and Hubbard correction for the Fe d levels and Sm
4f levels. Both pure Bi2Se3 and SFBS were simulated with identical levels of precision
using an energy cutoff of 400 eV, and a 5x5x1 reciprocal space mesh. To simulate low
doping concentrations, 3x3x2 supercells were constructed containing 58 atoms. The selfconsistency cycle was run until convergence of better than 1x10-5 eV. To mitigate the
complexity of the Sm 4f electrons, which are a known deficiency of DFT, the calculations
employed the frozen core approach based on a custom PAW pseudo potential, and
compared this with GGA+U calculations using U = 6 eV, and J = 1 eV. To include the
van-der Waals interactions, the Grimme DFT-D3 zero damping method was used. The
lowest energy state of the Fe and Sm dopant was identified by simulating different
configurations and inter-separation, and performing ionic relaxation until forces were
converged to better than 0.02 eV/Å.

5.3 Transport properties of Bi2Se3 and Sm:Bi2Se3
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Figure 5.2: A glimpse of the transport properties in pure Bi2Se3. (a, b) the temperature, and angle
(at 3 K) dependency of the magnetoresistance in a Bi2Se3 single crystal. (c) The oscillation
patterns of angle and temperature dependent MR data, in which the oscillation amplitude is
decreasing with heating and or rotating. (d) the Landau fan diagram of the oscillation patterns at
0 degrees. (e, f) FFT amplitude plot during rotating and heating. (g, h) Hall effect and carriers’
property.

The transport properties of Bi2Se3 single crystals grown using similar techniques is
well known. The pure bismuth selenide is an n-type metal, and exhibits strong SdH
oscillations at low temperatures, as shown in Fig. 5.2a. With rotating the magnetic field
from perpendicular to parallel (to the crystal c plane), the amplitudes of the SdH
oscillations decrease, showing a 2D-like feature (Fig. 5.2b). After subtracting the smooth
background contribution, the pure SdH signals are plotted in Fig. 5.2c. The frequency of
oscillations at 0 is ~ 150 T, which increases with the rotation angle and follows 1/cos(θ).
Moreover, the Berry phase of the SdH oscillations is ~π, which is shown in Fig. 5.2d.
Therefore, I deduce that the quantum oscillations of Bi2Se3 are dominated by the 2D
topological surface states.
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Fig. 5.3: (a) Temperature dependent magnetoresistance behavior in Sm doped single crystals. (b)
The oscillation patterns obtained from the MR curves shown in Panel (a), demonstrating the
oscillation amplitude is damping with heating, and their related FFT frequencies and Landau fan
diagram are shown in Panel (c) and (d), respectively.

Further, I conducted the same transport measurements in Sm:Bi2Se3 single crystals,
as shown in Fig. 5.3. The temperature dependent MR measurements show similar results
to the pure Bi2Se3. The main difference between with Sm doping and without Sm doping
is the frequency of the SdH oscillations, which is ~150 T to pure Bi2Se3 and ~ 38 T to
SBS.
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Fig. 5.4: (a) Angular dependent magnetoresistance behavior in Sm doped single crystals. (b) The
subtracted oscillation patterns, FFT frequencies and Landau fan diagram are shown in Panel (b, c
and d).

I therefore conducted the rotating angle measurements at 3 K, which are shown in
Fig. 5.4. As the magnetic field rotates away from the normal vector of the crystal plane,
the oscillation frequencies increase monotonically. However, the oscillation is still strong
at 90 , which suggests that the Fermi pocket which contributes to this oscillation still
exists. The 3D Fermi surface revealed by SdH oscillations is quite different with the 2D
like Fermi surface of Bi2Se3, indicating the electronic modification caused by the Sm
dopants.
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Fig. 5.5: The Hall effect in Sm doped Bi2Se3 single crystals. (a) The temperature and angle (at 3
K) dependent Hall curves. (b) The obtained electron carriers’ density and mobility.

The Hall effect of both crystals are measured from 3 to 300 K, which are
demonstrated in Fig. 5.3g and Fig. 5.5a, respectively. One can easily identify that the
linear-like decreasing curves, which correspond to a n-type conductor, are contributed by
electron carriers. The carriers’ density and mobility are calculated and summarized in Fig.
5.3h and Fig. 5.5b. With Sm doping, both the carrier density and mobility decrease, which
is due to the Fermi level shifting.

5.4 Half-metallic topological insulating states in Sm,Fe:Bi2Se3
To extend on the earlier results, a systematic study was conducted of iron and
samarium co-doped Bi2Se3 single crystals. The electron backscattered diffraction (EBSD)
analysis shows the highly single crystalline nature of the Sm,Fe:Bi2Se3 sample that I have
synthesized as evidenced from the band contrast image, phase color image and Euler color
image. The phase color image is 100% indexed with Bi2Se3 without the presence of other
crystalline or non-crystalline phases. This indicates that the Sm,Fe doped Bi2Se3
crystalline structure is isostructural with the parent Bi2Se3 single crystal. The unit cell is
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superimposed in a spherical diffraction pattern and shows the zone axes perpendicular to
the c-axes which is the axis on which the crystal was cleaved and analysed. Electron
backscattered pattern (EBSP) on the selected point again is the signature of Bi2Se3 crystal
and bound to the sample crystal structure, which indicates the crystal c-axes. The Euler
colour from the analysed area is a proof of the single crystallinity of the sample because
it shows a constant orientation angle throughout the entire scan.

Fig. 5.6. Electron backscattered diffraction (EBSD) analysis of SmFe-Bi2Se3 single crystal. (a)
Electron image of freshly cleaved crystal. (b) Band contrast image shows the crystallinity on
selected area on the electron image. (c) The phase colour image is 100 % indexed with the Bi 2Se3
crystal structure. (d) SmFe-Bi2Se3 crystalline phase unit cell information at selected point. (e)
EBSP pattern on selected point (f) Euler colour map of the selected area.
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Fig. 5.7 SEM images and EDS maps of SFBS conducted on a freshly cleaved c-oriented single
crystal. Note that, the element mapping Panels are taken from the same area as the SEM image.
One can see that Sm, Se and Bi are distributed uniformly in this area, and Fe possesses some Ferich regions besides the uniform distribution.

Magnetoresistance & ultra-strong SdH oscillations. Although the intrinsic
Bi2Se3 is a prototypical example of a topological insulator, in practice, crystals often
show bulk n-type metallic behavior due to defects, such as Se vacancies. In SFBS, I
observed a similar metallic ground state in the plot of the temperature dependence of
the bulk resistivity (Fig. 5.8a). The residual resistance ratio (RRR), defined by RRR =
ρ(300 K)/ρ(3 K) for the sample, is ~2.5, which is comparable with pristine Bi2Se3 reported
in past work[16]. The Hall effect measurements at various temperatures from 3 K to 300
K show n-type features in the whole temperature range. The Hall curves are nearly linear
from between  14 T, and with two important details, which I will discuss later. By fitting
the Hall curves, I obtained the carrier density via n = (RHe)-1, where the RH is Hall
coefficient, and e is the charge of an electron. Further, the carriers’ mobility can be
obtained via H = RH, where the  is the conductivity, as shown in Fig. 5.8c. The
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conductivity in the SFBS single crystal is ~ 3.21017 cm-3 at low temperatures, which
increases with heating slightly to ~ 4 1017 cm-3 at 300 K. Remarkably, the carriers
possess a very high mobility, e.g., ~ 7.4 103 cm2 V-1 s-1 at 3 K and ~2.3 103 cm2 V-1 s1

at room temperature. To understand the magnetotransport effects that are the hallmark

of topological electronic structures, the magnetoresistance (MR) ratio MR = (R(H)R(0))/R(0) was measured as shown in Fig. 5.9c. The MR values at 14 T are between 10 %
and 15 % in the region below 50 K , with two important features: 1) below 10 K and 3 T,
the magnetoresistance values keep decreasing with increasing magnetic fields to
minimum values, e.g., ~7.5% at 3 K & 3 T,; 2) obvious oscillation patterns are found
below 30 K and above 3 T, denoted as Shubnikov-de Haas (SdH) oscillations which
indicate Landau quantization. In the SFBS compound, both dopants possess magnetic
moments. However, owing to the different size and exchange coupling of the spin
moments, they are expected to display rather different temperature-dependency via their
Brillouin function in the paramagnetic state. Furthermore, once magnetic order sets in, a
new range of effects can occur including potential ferrimagnetic compensation points.
Since the negative MR effect in SFBS single crystal damps with heating dramatically and
vanishes at ~ 10 K, and this correlates with the onset of magnetic order with a high
magnetization (discussed in a later section), I assign Sm ordering to be the mechanism
for this distinctive negative MR (more evidence & discussion will be presented later).
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Fig. 5.8 Transport properties of SFBS. (a) The temperature-dependent resistivity of an SFBS
single crystal. Inset: a sketch of the measurement configurations. (b) The Hall effect of the SFBS
single crystal at various temperatures (c) Calculated carrier density & mobility as a function of
temperature extracted from the Hall and resistivity measurements. (d) The magnetoresistance of
the SFBS single crystal, displaying ultra-strong SdH oscillations. (e) The pure SdH oscillation
patterns obtained from MR data after subtracting a continuous background term.
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Fig. 5.9 The quantum oscillations in an SFBS single crystal. (a) The angular dependence of the
SdH oscillations, in which the oscillation frequencies are calculated and summarized in the inset.
(b) The quantum Hall steps between n = 9 and n = 5, are ploted together with the SdH oscillations.
(c) The LK formular fitting for effective mass. (d) Landau fan diagram, in which I employ the
local maximum of the longitudinal conductivity as integer indices.

The SdH oscillations contain key information about the electronic structure, and
these can be more easily interpreted by subtracting a smooth background to remove the
MR contribution, as plotted in Fig. 5.9(d). It is apparent that the oscillations are much
stronger than the SdH oscillations in other topological insulators, including our own
work[9], so that the longitudinal resistivity is mainly determined by the oscillatory part,
especially at 3 – 10 K. The amplitude of the oscillations is enhanced by the high mobility
of carriers, as well as the negative MR contribution from magnetic dopants, which act to
partially cancel the positive magnetoresistance contributions. The SdH oscillations for a
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metal can be described by the Lifshitz-Kosevich (LK) formula, with a Berry phase
included to account for the topological character of the system:
1


5 𝐵 2
𝐹
= ( ) 𝑅𝑇 𝑅𝐷 𝑅𝑆 cos (2 ( +  − ))
(0) 2 2𝐹
𝐵

(1)

where 𝑅𝑇 = 𝑇/𝐵sinh(𝑇/𝐵) , 𝑅𝐷 = exp (−𝑇𝐷 /𝐵) , and 𝑅𝑆 = cos (𝑔/2) .
Here,  = 𝑚∗ /𝑚0 is the ratio of the effective cyclotron mass 𝑚∗ with the free electron
mass 𝑚0 ; g is the g-factor; 𝑇𝐷 is the Dingle temperature; and  = (22 𝑘𝐵 𝑚0 )/ℏ𝑒, where
kB is Boltzmann’s constant, ℏ is the reduced Planck’s constant, and e is the elementary
charge. The oscillation of  is described by the cosine term with a phase factor  − , in
which  = 1/2 - B/2, where B is the Berry phase. From the LK formula, the effective
mass of the carriers contributing to the SdH effect can be obtained through fitting the
temperature dependence of the oscillation amplitude to the thermal damping factor 𝑅𝑇 .
From the temperature damping relationship, I obtain the effective mass for the carriers in
these crystals as ~ 0.18 m0 as shown in Fig. 5.8d & Fig 5.10c. During the fitting of the
effective masses, the procedure employed the normalized amplitudes of the strongest
peak minimum at ~ 12.5 T. The quantum relaxation time and quantum mobility can also
be obtained by τ = ħ/2πkBTD and  = eτ/m∗, respectively. According to the OnsagerLifshitz equation, the frequency of a quantum oscillation is 𝐹 = (0 /22 )𝐴𝐹 , where AF
is the extremal area of the cross-section of the Fermi surface perpendicular to the magnetic
field, and 0 is the magnetic flux quantum. The cross-sections related to the 69 T pockets
are 6.6  10-4 Å-2, and, if one assumes the Fermi pocket related is roughly circular, the
equivalent Fermi vector of ~0.08 Å-1 is obtained. To further understand the Fermi surface
geometry, I performed angle-dependent SdH oscillation measurements. The angular
dependence of the MR properties is shown in Fig. 5.10a for a SFBS crystal. Note that,
during rotation, the magnetic field is always perpendicular to the current, to make it
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possible to mitigate any influence of the angle between the magnetic field and the current.
The rotation parameter  is the angle between the c-axis and the direction of the magnetic
field. At higher tilt angles, the SdH oscillation amplitude drops significantly as expected
for a dominantly 2D Fermi surface. However, a small residual oscillation persists at 90
degrees, which is a signature of the 3D character of the bulk Fermi surface, and quite
similar to past reports of Fe-doped TIs. To assess the size of the Fermi surface crosssection, I calculated the oscillation frequencies and these are summarized in the inset of
Fig. 5.10a. The line of best fit to the quantum oscillation frequencies follows the trend
expected for an elliptical Fermi surface inclined to the basal plane, as is known to be the
case in the chalcogenide TIs.
The Hall curves provide further evidence for magneto-transport that approaches the
quantum regime. Hall resistivity steps can be found, as shown in Fig. 5.9b. The Berry
phase can be obtained via the Landau fan diagram, which is shown in Fig. 5.9d. Since xx
~ xy, it is not valid to simply assign the maxima or minima of the SdH oscillation to
integer (n) Landau levels, in order to fit the n versus 1/B gradient, since these quantities
are instead related to the total magnetoconductivity xx. Thus I calculate the
magnetoconductivity from xx = xx/(xx2 + xy2), as shown in Fig. 3d, and assign the local
maxima to n. As I can see in Fig. 5.9d, the intercept has a value of around 0.7 for the
SFBS crystal. In SFBS crystals, the spin configuration pattern can be understood as a
competition between the out-of-plane time reversal symmetry breaking component and
the in-plane helical component. Depending on the Fermi level, the Berry phase can be
modified away from  (0.5), as theoretically predicted[17], and experimentally observed
via ARPES[18].
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Fig. 5.10 The magnetic properties of Sm, Fe dual doped Bi2Se3 single crystal. (a) The hysteresis loops
measured at certain temperatures from 3 K to 300 K, obtained via subtracting the diamagnetic
background of the original MH curves (shown in the inset of Panel a). Note that, the magnetization
values are shown in the unit of moment in Bohr magneton per a “SmFe” pair. (b) The temperaturedependent magnetization from 3 K to 300 K at different applied magnetic fields. Note that, the
magnetization values of 0.01 T data is plotted multiplied by 3 times to show the details. (c) The
magnetization determines the reduced Hall resistivity and magnetoresistance curves at 3 K. (d) The
temperature-dependent reduced Hall effect curves.

Ferromagnetism and anomalous Hall effect. In the magnetoresistance curves
below 10 K, one can see the regions of negative MR from 0 T to ~ 3 T, which suggests
this response is due to the increased magnetic ordering of the Sm dopants which are
expected to order in this temperature regime. To directly test this, I conducted magnetic
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measurements of the total magnetization and its temperature dependence. I measured the
hysteresis loops at various temperatures from 3 K to 300 K, as shown in Fig. 5.11a. The
moment was converted from the total magnetization to Bohr magneton per “SmFe” unit.
The saturation moment is large by the standard of a dilute magnetic semiconducting
system approaching 1 µB per Sm-Fe pair. This is, however, less than expected for a fully
aligned Sm3+ (4f5, S=5/2, L=5, J=5/2) and Fe3+ (3d5, S=5/2, L=0, J=5/2) which would be
~6 µB for a ferromagnetic collinearly-aligned Sm3+-Fe3+ spin dimer. Instead, this implies
that either only a fraction of the Sm3+ and Fe3+ contribute magnetically, or more likely,
the Sm3+ and Fe3+ spins order into a non-collinear ferrimagnetic arrangement. Noncollinear spin arrangements are favored by the Dzyaloshinskii–Moriya interaction, owing
to the strong spin orbit effects in TIs. Below ~10 K, the loop has a slim “S” shape with a
low coercive field which is often a hallmark of complex spin structures, or a ferrimagnet
near its compensation point. With heating up, the system transitions smoothly to a state
with a higher coercive field, giving a quasi-square shape typical of a simpler ferromagnet,
however the saturation moment of per “SmFe” unit decreases to ~ 0.1 B. I attribute this
to Fe forming the dominant magnetic sub-lattice at higher temperatures where the Sm is
paramagnetic. Further, I measured the temperature-dependent magnetization curves using
both the zero-field-cooling (ZFC) and field-cooling (FC) procedures between 3 and 300
K, as shown in the Fig. 5.11b, with 100 and 1000 Oe applied magnetic field. One can see
the clear difference of the ZFC & FC curves at ~ 250 and ~270 K, at different applied
fields, which indicate a history dependence in the magnetization that is a hallmark of a
magnetically ordered state, as paramagnetic materials do not typically show hysteresis.
This suggests that ferromagnetism/ferrimagnetism may be present, attributed to the
ordering of Fe moments, either within the bulk of the crystal or on the surface itself.
Below the ordering temperature of Fe, the magnetization increases monotonically with
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cooling down, which is due to the increasing effective moment of the Fe3+ below its Curie
temperature. However, something dramatic occurs below ~ 30 K, where the
magnetization increases suddenly with further cooling. This is attributed to the effect of
larger Sm moments that begin to play a significate role. At low temperature, the total
magnetization is expected to be dominated by the Sm and the interaction between Sm
moments and itinerant electrons is responsible for the negative MR. Without Sm ordering,
the whole system still exhibits ferromagnetism due to the residual ordering of the Fe,
however the negative MR vanishes. Figure 4c summarizes all of the data for the low
temperature regime including the magnetization, the MR and anomalous Hall component
(by subtracting the linear part of the Hall effect). Using the blue dashed line as a guide to
the eye, the magnetic saturation point of the Sm moments coincides with the point where
the negative MR reaches the maximum value. Furthermore, the anomalous Hall resistivity
is strongly enhanced in the low temperature regime. I trace the anomalous Hall
component with temperature dependence shown in Fig. 5.11d, which becomes negligible
above ~ 100 K.
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Fig 5.11: ARPES study of SFBS. (a) ARPES intensity measured with h

= 63 eV around the Γ̅

point. (b) High-resolution data of (a) but focusing on near-EF region. (c) MDCs at selected EB’s
of (b) with 20 meV step. Black markers indicate the peak position of MDCs which used as red
open circles in (b). (d) Photon-energy dependence of the normal-emission energy distribution
curves near EF. (e) ARPES intensity measured with hν = 60 eV, where the CBM and VBM are
nearby (f) Intensity maxima of ARPES spectra, measured from the peak maxima of momentum
distribution curves of CB (black) and SS (red).

Band structure measurements. Angle-resolved photoelectron spectroscopy
(ARPES) measurements were conducted to examine the electronic band structure of
SFBS to determine whether the topological surface state (SS) is preserved, and whether
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a gap in the surface state has opened due to the magnetic dopants breaking time-reversal
symmetry. ARPES measurements along the -M high symmetry direction at hν = 63 eV
were performed to highlight the intensity of the SS, shown in Fig. 5.12a. It is immediately
clear the characteristic Dirac surface state of a 3D topological insulator is present between
EF to ~0.4 eV below EF. The linear dispersion of the electron and hole bands of the Dirac
cone possess Fermi velocities are 5105 ms-1 and 3.9105ms-1, respectively, consistent
with the topological surface state of pristine Bi2Se3.[19] The Fermi vector kF~0.06 Å-1, is
very close to the value obtained from magneto-transport data.

Time-reversal symmetry protection of the Dirac point is well known to be broken by
magnetic dopants,[2, 3, 18] leading to a gap opening in the surface state. To investigate
this, high resolution ARPES measurements were performed near EF (Fig. 5.12b) at 20 K.
In the Dirac point region (~0.21 eV below EF) I do not observe a completely suppressed
intensity that can be immediately attributed to a bandgap opening. This may be explained
from the magnetic properties’ measurements in Fig. 5.11, which demonstrate that 20 K is
on the cusp of full magnetic ordering. Thus, at 20 K in the ARPES measurements not all
magnetic dopants spins are aligned leading to the appearance of some spectral weight in
the gapped region. However, the pronounced minima in intensity from the energy
distribution curve (red overlay curve in Fig. 5.11b) suggests the presence of a small gap,
rather than a discrete Dirac point.

To examine this bandgap, Momentum Distribution Curves (MDCs) were extracted
from the ARPES spectra shown in Fig. 5.11c, and along with the band maxima shown as
black markers in Fig. 5.11c and red points in Fig. 5.11b. Then to estimate the bandgap,
this data was fitted to a model of a massive Dirac dispersion given by
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2 (𝑘
𝐸𝑖 (𝑘) = 𝐷 ± √∆2𝑖 + ℏ2 𝑣𝐹,𝑖
+ 𝑘0 )2 , 𝑖 ∈ 𝑛, 𝑝

(2)

where ∆= ∆𝑛 + ∆𝑝 represents the bandgap, D the doping, and vF,i the asymptotic Fermi
velocities away from the gapped region at large momenta. Using the determined Fermi
velocities obtained away from the gapped region, the ARPES spectra were fitted using
Function (2) in order to determine n and p and consequently the bandgap . This model
is plotted as a white solid line in Fig. 5b, yielding a magnetic gap of 44  15 meV,
consistent with the gap size of 12% Fe-doped Bi2Se3 which possesses a similar amount
of Fe-doping to our samples.20
The addition of dopants may also alter the size of the bulk band gap in 3D TI’s.[7, 20]
To evaluate the bulk bandgap in 3D k space, the group performed h dependent ARPES
measurements in order to determine the bulk conduction band minima and valence band
maxima. The energy distribution curves at normal emission measured with various
photon energies from 56 to 70 eV are displayed in Fig. 5.11d to show evolution of the
bulk bands. The valence band (VB) and conduction band (CB) reach maximum and
minimum respectively at hν = 60 eV as displayed in Fig. 5.11e. From these ARPES
spectra, it is clear the overall conduction and valence band structure displays the same
characteristic features of pristine Bi2Se3, as well as a similar overall bandgap which was
determine to be ~310 meV for SFBS. This suggests Fe and Sm dopants cause minimal
change to the overall band structure. Finally, the CB (red points in Fig. 5.11(e)) were
fitted a nearly free electron model, 𝐸 =

ℏ2 𝑘 2
2𝑚∗

within a 0.08 Å-1 region extending from the

 point. The parabolic dispersion, yields an effective mass of 𝑚∗ ~0.1 ± 0.020𝑚0 , this
value is smaller than our value extracted from Shubnikov de Haas oscillations but similar
to the value of pristine Bi2Se3.[21] Lastly, Fig. 5.11f plots the extracted conduction band
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(Fig. 5.11d) and surface state band (Fig. 5.11b) dispersions to more clearly highlight the
parabolic-like and linear-like dispersions.

Density functional theory calculations To identify the lowest energy configuration
of the Sm-Fe defect pair, the Fe and Sm were placed in variable locations of the supercell.
Nearest-neighbour and next-nearest neighbour Sm-Fe configurations are energetically
unfavourable, and the minimal energy state was found for the Sm and Fe at the maximal
distance of 10.78 Å, resulting in the structure and spin electron density shown in Figure
6a. The nearest neighbour configuration was strongly disfavoured by 700 meV, because
this involves significant distortions of the Sm-Se octahedra involving bond-stretching
introduced by the presence of the smaller iron atom nearby. Overall, the alternatives
solutions with Fe and Sm further apart (at least 6 Å) were energetically favourable,
indicating that the clustering of Fe and Sm into biatom defects is unlikely in this system.
Large spin magnetic moments of 5.5 µB and 3.6 µB were found on the Sm and Fe sites
respectively, indicating the strong intrinsic magnetism for the 4f and 3d dopants
respectively. This leads to strong exchange splitting and spin polarization in the electronic
structure.
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Fig 5.12: DFT calculations for (Bi2-x)(Sm,Fey)xSe3 (a) The chemical structure is shown for a supercell
containing isolated Sm and Fe defects, superimposed with the spin difference electron density within
a (101̅) plane. Both Sm and Fe carry large magnetic moments (red) where fainter induced moments
appear on the Se atoms coordinating the Fe. (b) The PDOS for the frozen 4f-core calculation shows a
high degree of spin polarization at the Fermi level. (b) The PDOS for the GGA+U 4f valence
calculation also indicates a similar half-metallic character.
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Figure 5.13. (a) Bulk (Fe,Sm)xBi2-xSe3 band-structures for the GGA+U calculation showing additional
spin-polarized 4f flat bands near the valence band maxima. (b) Band structure for the Sm-4f frozen
core calculation (c) Band structure for the Sm-4f frozen core calculation including the spin-orbit
interaction.
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The partial electronic density of states (PDOS) is shown in Figure 5.13b&c which used the
frozen-core and the GGA+U method respectively. The two spin-polarized DOSs are shown
simultaneously, where opposite spin states are mirrored across the x-axis. In both cases, the bands
near the Fermi level are fully spin-polarized, indicating that this system is nearly an ideal halfmetal. However, the calculations that treat the 4f electrons as valence electrons using the GGA+U
approach predict a higher density of narrow-band states appear at the valence band maximum
(VBM), which manifest as flat bands spanning the Fermi surface. Past calculations of Sm:Bi 2Se3
have predicted similar half-metallic features.[13]
The band-structures confirm the high degree of spin polarization and the dispersive nature
of the key bands near the valence band maxima. The total spin-polarized band-structures of
(Sm,Fe)xBi2-xSe3 are shown in Figure 12a&b. Both the GGA+U (valence) and the 4f-frozen core
calculations show that the valence band is highly spin polarized, and the system is a narrow bandgap semiconductor on the verge of a half-metallic point. The inclusion of the spin-orbit interaction
(Figure 5.13c) leads to a narrower band-gap owing to the tendency of band-inversion. This in turn
leads to hybridization of Fe 3d and Se p orbitals, which is the source of the finite spin polarization
of the anionic sites. The latter may be the key for mediating long-range magnetic exchange
coupling which could explain the origin of the magnetic order that appears experimentally.

5.5 Crystal field excitation in Tb:Sb2Te3
Crystal field theory (CFT) is a bonding model that explains many important properties of
transition metal/rare-earth metal complexes, including their colours, magnetism, structures,
stability, and reactivity. The CFT describes the breaking of the degeneracy of electron orbital
states, usually d or f orbitals, due to a static electric field produced by a surrounding charge
distribution. CFT focuses on the interaction between d/f-shell electrons on the central ion and
ligands arranged in a certain symmetry around it. As shown in Fig. 5.14, the degenerated 5 orbits
of a center ion’s d shell splits into 2 eg orbits and 3 t2g orbits due to the interaction with octahedral
arranged ligands. Once the splitting energy is comparable with the spin pairing energy, the crystal
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field effect can lead the center ion into a high spin configuration (pairing energy > splitting) or
low spin (pairing energy < splitting).

Fig. 5.14: The sketch of the crystal field effect in a 3d central ion. (a) How the octahedral
arrangement ligands work on the central ion. (b) The splitting of d-shell into eg and t2g orbits.
The crystal field effect works on 4f shell of a central ion the similar way, which splits the 7
4f orbits into 3 high energy t1g orbits (fx3, fy3, fz3), 3 middle energy t2g orbits (fx(y2-z2), fy(x2-z2), fz(x22
y )) and 1 low energy

a2g orbit (fxyz) in a octahedral field. In rare-earth-doped topological insulators,

the rare earth ion substitutes the Sb or Bi site, which results a certain chemical environment,
different with other compounds. The ligand field is produced by the negative Se and Te ions
arranged around the Bi/Sb/RE cation. Therefore, the crystal field effect should be a feature in our
studied system, which may explain the magnetic ordering in the rare-earth doped TI. However,
due to the strong neutron absorption of Sm , it is hard to observe the crystal field excitations.
Instead, in this section of the Chapter, the Tb doped Sb2Te3 crystal is employed as a model system
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to study the crystal field effect in the rare earth doped TI system.
To study the crystal field effect in Tb doped Sb2Te3 (TST), PELICAN, a cold neutron timeof-flight (TOF) spectrometer was employed to conduct the experiments at the Australian Nuclear
Science and Technology Organisation (ANSTO). In a neutron scattering facility, intense neutron
beams are generated and moderated to analyze the physical properties of materials. The neutrons
employed in neutron scatterings are thermal neutrons, which have kinetic energies far below 1
eV, in the meV range, and with the wavelengths similar to most crystal lattice spacings. Due to
the charge-neutral nature of neutrons, they can penetrate more deeply into materials than particles
with charge, to probe the bulk properties. Since neutrons interact mainly with nuclei, and the
cross-section varies randomly from isotope to isotope, one may detect the light elements, and tune
the contrast to suit the experiments easily. Moreover, neutrons possess a magnetic moment, which
allows researchers to investigate the magnetic structure of materials. Scattering almost always
presents both an elastic and inelastic component, which are used to detect the structure and
dynamic features. In ANSTO, PELICAN is a cold neutron time-of-flight spectrometer, which is
ideal to perform the elastic, quasi-elastic, and inelastic measurements in a lot of sample forms
(powder, polycrystal, single crystal, glass, and liquid).

Fig. 5.15 The neutron spectroscopy data for the Q-integrated S(Q,) for Tb0.1Sb1.9Te3 with neutron wave
length of 4.69 Å and at 1.5 K .

The crystal of Tb0.1Sb1.9Te3 was grown in the similar way as the other rare earth doped TI
systems reported earlier in this chapter. Some crystals were then ground into powders to study the
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crystal field effect. The wavelengths of the incoming neutron in the experiment was chosen to be
2.345 Å and 4.69 Å, and the measuring temperature is from 1.5 K to 100 K. Fig. 5.15 shows the
neutron spectrum obtained at 1.5 K and incident neutron wavelength of 4.69 Å, as well as the
fitting curves (green for each peak, and blue for total). The contribution from the aluminum can
was subtracted by additional measurements. And, V resolution standard was measured for
comparison. One low energy excitation at ~ 0.32 meV is obtained in this curve, which is the
lowest energy crystal-field excitation peak detected for the TST sample.

Fig. 5.16 The neutron spectroscopy data for the Q-integrated S(Q,) for Tb0.1Sb1.9Te3 with neutron wave
length of 2.345 Å and at various temperatures: (a) 1.5 K, (b) 50 K, (c) 100 K.

Fig. 5.16 demonstrates the TOF neutron spectroscopy signal for the TST at a wavelength of
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2.345 Å and different temperatures. Theoretically, in each curve, one excitation peak from the

neutron energy gain (negative energy transfer) side and energy loss side (positive energy transfer)
side should be symmetrical in peak positions. At low temperatures, the energy loss side always
presents more information as it has a higher intensity influenced by the Bose-Einstein occupation
factor. In Fig. 5.15 and Fig. 5.16a, there are two clear low-energy excitation peaks in the 1.5 K
curve at 0.32 meV and 4.5 meV on the energy loss side. However, with heating, the 4.5 meV peak
intensity decreases with temperature quickly. As shown in Fig. 5.15b, at 50 K, the peak ~ 4.5
meV is broader and weaker than the peak at 1.5 K. At 100 K, two clear peaks at -4.5 meV can be
found in both the energy gain and energy loss side, which is attributed to acoustic phonons, rather
than a crystal field line, based on its different form factor. Theoretical calculations also indicate
that the in-c-plane acoustic phonons at zone boundary are flat and ~ 4.5 meV.22
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Fig. 5.17 The measured 2D neutron scattering function S(Q,) with neutron wave length of 2.345 Å at
various temperatures: (a) 1.5 K, (b) 50 K, (c) 100 K.

I further demonstrate the full two dimensional S(Q,) spectrum of the discussed
measurements. In each spectrum, the acoustic phonon peaks close to Bragg points are observed.
The phonon excitations are clearer in high temperatures, especially on the energy gain side. At
1.5 K, with the neutron wavelength of 2.345 Å, a clear q-independent line at 4.5 meV is observed,
as indicated by the line. Moreover, the excitation is stronger in the low Q zone, and weaken with
Q increasing, which is a distinctive feature of magnetic (crystal field) excitations. The excitation
at the same energy of 100 K spectrum, as shown in Panel (c), shows increasing intensity at high
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Q, which is the feature of phonons. Due to the energy coincidence between crystal field excitation
and phonons in the TST sample, the crystal field peaks are highly temperature-dependent, as I
observed in this experiment. This shows that the electron-phonon coupling strongly influences
the magnetism of rare-earth doped TIs.

5.6 Conclusion
This chapter investigated a new type of TI: a half-metallic topological insulator, which is
characterized by the fully spin-polarized Fermi surface states, in Sm,Fe co-doped Bi2Se3 single
crystals. The single-crystal quality and the uniformity of dopants are checked by SEM & EDS. In
electronic transport measurements, the low carrier density 3~4 1017 cm-3 and high mobility
2.3~7.4 103 cm2V-1s-1 was observed. With strong magnetic fields, the SdH oscillations at low
temperatures are drastically strong, with a nontrivial Berry’s phase. Moreover, the quantum Hall
steps are also observed in Hall curves at low temperatures, illustrating the localization of 2D
surface states in strong magnetic fields. Magnetometry measurements reveal strong bulk
ferromagnetic order involving Sm moments below 30 K, which opens a gap at Dirac point of the
topological surface states as verified by ARPES. DFT calculations predict that the Fermi surface
is fully spin polarized, indicating a half-metallic TI state in Sm,Fe:Bi2Se3 single crystals. Our
results suggest that the rare-earth and transition metal co-doping in Bi2Se3 system yields a halfmetallic TI, which provides a promising avenue to the QAHE, as well as an ideal system to
achieve low energy electronic devices. Moreover, I employed neutron spectroscopy to explore
the magnetic excitations in rare-earth doped topological insulators for the first time, and study the
interplay of electrons and phonons. Clear crystal field excitations were observed in Tb:Sb 2Te3
polycrystal sample, along with evidence of the interaction of phonons with the crystal field levels.
This will inspire more research in rare-earth-doped TIs.
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Chapter 6 Conclusion
In this thesis, the magnetotransport method was employed as the main method to
study the electronic structure and transport property of transition metal or/and rare earth
metal doped 3D topological insulator single crystals.
In Chapter 3, the magnetic and magnetotransport properties are studied in transition
metals doping in Sb2Te3 based topological insulators. The Sb2Te3 single crystal and iron
doped Sb2Te3 single crystal possess a metallic state with large magnetoresistance in the
low temperature region. Compared with Sb2Te3, iron doping introduces more complexity
in its Fermi surface morphology, which manifests as multi-frequency oscillation patterns
in MR measurements. With the help of angular-dependent measurements, the oscillation
frequencies shifting was observed during tilting roughly following the cosine function,
which means the related Fermi pockets possess 2D-like behavior. Further, the Hall effect
indicates that both samples are hole-carrier dominated, and Fe doping reduces the
carrier’s mobility. These results show that the hybridization of transition-metal defect
bands with the intrinsic Sb2Te3 bands is a crucial consideration if such materials are to be
incorporated into future electronic devices. Moreover, in V doped TI, the ferromagnetism
is observed below 10 K, which is evidenced by MH loops, butterfly MR and anomalous
Hall effect. However, the SdH oscillations are absent in V doped TI samples, probably
due to the high defect level.
In Chapter 4, the magnetotransport property of bulk-insulating TI V, Sn doped
Bi1.1Sb0.9Te2S (VBSSTS) single crystals are studied. The SdH oscillations of VBSSTS
can be detected in the low temperature region, which are contributed by 2D surface states.
Therefore, the strong 2D-like behavior and a  Berry phase can be obtained from the SdH
oscillations, which provide compelling evidence that the bulks of these crystals are good
TIs. To trace the temperature dependent of SdH oscillations, clear oscillation patterns are
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still found at 50 K, which is a good evidence of the robust surface states, and further
supports the applications based on the topological surface states.
In Chapter 5, a new type of TI is proposed: half-metallic topological insulator, which
is characterized by the fully spin polarized Fermi surface states, in Sm,Fe codoped Bi2Se3
single crystal. The transport property in pure Bi2Se3 and Sm doped Bi2Se3 are also studied
to compare with the Sm,Fe codoped Bi2Se3 sample. In low temperatures, the SdH
oscillations of Sm,Fe:Bi2Se3 crystals are drastically strong, with nontrivial Berry phase.
Moreover, the quantum Hall steps are also observed in Hall curves at low temperatures,
illustrating the localization of 2D surface states in strong magnetic fields. Magnetometry
measurements reveal strong bulk ferromagnetic order involving Sm moments below 30
K, which opens a gap at Dirac point of the topological surface states as verified by ARPES.
The results suggest that the rare-earth and transition metal co-doping in Bi2Se3 system
leads to a half-metallic TI, which provides a promising avenue to the QAHE, as well as
an ideal system to achieve low energy electronic devices. In the last section, a cold
neutron TOF spectrometer, PELICAN, was employed to explore the magnetic excitations
in a rare earth doped topological insulator. Clear signs of crystal field excitation have
been observed in Tb:Sb2Te3 polycrystal sample, which will inspire more research in rare
earth doped TIs in the future.
In these chapters, the transport properties of several important transition metal/rare
earth metal doped topological insulating systems are discussed. From the experiments,
some of the key ideas in magnetic doped TI single crystals are obtained and listed below:
1. Due to the defects, the bulk states of pure Sb2Te3, Bi2Se3 and Bi2Te3 topological
insulators are metallic, which would still be metallic with slightly magnetic dopants.
In order to achieve wide gap insulating bulk states, non-magnetic elements like Sn,
S can be employed to increase the band gap.
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2. Transition metals (TM) and Rare-earth (RE) metals experience synergetic quantum
exchange interactions that can boost the magnetic properties in co-doped TI systems.
3. The SdH oscillations in magnetic doped TI system is typically weaker than in pure
TIs, due to the increasing spin-dependent scatterings. However, ultra strong SdH
oscillations and high mobility can be found in a TM-RE co-doped system.
4. Although great progress has been made, more experimental work is needed to tune
the quantum chemical interaction in these systems to achieve ideal magnetic and
transport properties simultaneously in TIs.
There is more interesting physics to be explored in these materials. For example, by
tuning the doping level of Sn, S, one may obtain TI materials with even wider band gap
and better insulating bulk states. In TM-RE co-doped systems, it’s potentially possible to
achieve higher magnetic ordering by optimizing the doping profiles. Combining the wide
bulk gap and high ordering temperature magnetic dopants, the room-temperature
magnetic TI could be obtained, which will be very important for real-world applications.
The TI materials in this thesis are in layered structures, which can be exfoliated and
employed as 2D heterostructure building blocks. High quality 3D TI single crystals and
magnetic TI single crystals will play an important role in spintronic devices.
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